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ABSTRACT

NTh{' report describes the work conducted on a program designed to

improve nondestructive testing techniques and, then, to evaluate the capa-
bility and reproducibility of the improved nondestructive testing techniques
for the evaluation of discontinuities occurring in titanium. Reported are
penetrant dwell times, penetrant bleed-out times, developer types, emulsi-
fication times, and water washing parameters required to effectively pene-
trant inspect parts whlich may contain a variety of crack sizes and porosity.
Both post-emulsifiable and water washable fluorescent penetrants were
investigated. The effect of kilovoltage on radiographic contrast sensitivity
is discussed. Ultrasonic inspection of contour s•urfaces is reported and
methods for improving near-surface resolution are documented. Methods for
ultrasonic inspection of thin machined parts are reported. A full scale
Ti-6A1-4V ingot was melted in a manner to intentionally produce stabilized
alpha defects. Documented are the details of the ingot mel.ting and con-
version to billet, bar, and plate. Results of ultrasonic and radiographic
inspections of the ingot and billets are reported. A study to determine
the detection capability of various nondestructive testing methods was
carried out. The capability of penetrant, ultrasonic, radiographic, and
eddy current inspections to detect surface cracks, internal cracks, porosity,
and alpha stabilized defects are documented.
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SECTION I

SUMMARY

The results of the testing reported herein have emphasized the importance of
controlling the significant parameters which make up each nondestructive testing
(NDT) method. In order to effectively inspect titanium by penetrant inspection,
the penetrant dwell time, development time, water washing conditions, and inspec-
tion light intensity must all be chosen to effectively enhance the defect detec-
tion capability of this method. Ultrasonic inspection of titanium was found to
be affected by the internal structure and the physical configuration of the
particular component undergoing inspection. Characteristics of the component
such as surface finish, surface contv-iu•, section thickness, and interna.l struc-
ture can all affect the ultrasonic i-spection.

The capability of the NDT methods for detecting flaws which occur in
titanium was found to vary as a function of the chosen inspection method, the
inspector, and the flaw size. Exceedingly sniall surface cracks could be detected
with production ultrasonic and penetrant inspections but not to a high degree of
reliability. The capability of the ultrasonic method for detecting internal
cracks in thick sections was found to be highly dependent upon the orientation
of the crack with respect to the sound beam. Small cracks oriented perpendicular
to the sound beem can be detected, but, if the crack is oriented 45 degrees to
the sound beam, large cracks can go undetected. With this knowledge, production
parts cat, be more effectively inspected, knowing the likely orientation of
expected flaws and the most critical flaw orientations. For thin sections, the
orientation of the flaw was found to have less effect.

Titanium melt defects, such as Type I alpha stabilized areas, are detectable
using production ultrasonic techniques, but, radiography seems te be ineffective.



SECTION II

INFPDUCTION

The performance demands placed upon present day military aircraft are
stringent. Advancements in the area of nondestructive testing (NLD?) which
parallel new developments in manufacturing technology can result in signifi-
cant payoff. Improvements in the detection and evaluation of titanium
defects by NDT can be made which can result in improved integrity and reli-

ability of airframe and engine components.

The primary objectives of the program, then, were to improve nonde-
structive testing techniques which is discussed in Section III and to

measure the capability and reproducibility of the improved nondestructive
testing techniqueci for the evaluation of discontinuities occurring, .n
titanium which i.• ;'Uscussed in Section V of this report. In addition,
it was intended -o document NDT techniques presently used in industry and
their shortcomings.

The program was conducted using NDT methods and discontinuity types
encountered in inspection of airframe and jet engine components. The NDT
methods used were ultrasonics, penetrant, X-ray, and eddy current. Discon-
tinuities which might occur in titanium components originate from two general
sources. One source is associated with raw materials and ingot melting and
includes discontinuities such as ingot pipe ,nmd alpha stabilized areas.
Another source is component fabrication and includes discontinuities such
as surface cracks, internal cracks, and porosity. All of the above disconti-
nuities were utilized throughout the program.

The penetrant, radiographic, and ultrasonic methods were improved as
discussed in subsections 1, 2 and 3 of Section III of this report. After
the NDT improvement portion of the program was completed, the capability
and reproducibility of the NDT methods were measured with respect to
surface cracks, porosity, internal cr&aks, and segregates as reported
in subsections 1, 2, 3, 4, 5, 6, and 7 of Section V of this report.. The
evaluation was divided into airframe and jet engine inspections with
laboratory, production, and overhaul inspections being included. Product
forms inspected included bar, plate, and airframe and jet engine forgings.
Following the nondestructive testing, the actual size of the discontin-
uities was measured using selected destructive techniques such as metal-
lography. (See subsection 8 of Section V).
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SECTION III

IMPROVE24ENT OF NONDESTRUCTIVE TESTING TECHNIQUES

A great deal needs to be learned about the variables of conventional
ND'1I methods with regard to inspection of titanium hardware. The effect
of several factors, such as complex shapes encountered, is not sufficiently
understood at this time. Also, The effect of surface structure upon an
effective inspection needs investigation. The NDT methods commonly uCed
for inspection of titanium hardware are ultrasonics, penetrant, X-ray,
&.nd eddy current. Although these NDT methods are considered established
only limited work has been performed in investigating the pi'oduction
process variables of the NDT methods as relate, to detection of discon-
tinuitieL in real components.

1. PENETRANT METHOD

Peuetrant inspection is heavily relied upon in the aircraft industry
for the detection of surface connected discontinuities. For many aircraft
components, penetrant inspection is the last inspection method used on
the finish machined part prior to its installation in the aircraft. In
some cases, it is the only inspection method used. Consequently, penetrant
inspection is the final means used to guarantee that the subject component is
"defect free". The penetrant method is of major importance in ensuring
the integrity of titanium components.

In general, a penetrant inspection consists of:

(I) Preparation of the surfaces to be inspected

(2) Drying of the inspection surface

(3) Application of the penetrant

(4) Removal of excess penetrant

(5) Examination of the inspection surface.

The effectiveness of the penetrant inspection is entirely dependent upon
the penetrant entering the discontinuities and re-emerging for visual inspec-
tion. Any pre-penetrant process or any penetrant inspect-on variable which[ reduces penetration and re-emergence of the penetrant can potentially reduce
the effectiveness of the inspection. oiýe of the factors which can affect the
reliability and resolution limits of the inspection are:

(1) The effectiveness of the dryring procedure prior to application of
pen etrant.

(2) The use or non-use of a developer

(3) The dwell time of the penetrant, emulsifier, and developer (if used).
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(4) Viewing ultraviolet light irtensity versus ambient white light
intensity.

(5) T]he type of developer used (dry, nonaqueous wet, or aqueous wet)

(6) The technique used to remove excess penetrant

(7) Mechaaical processing, such as shot peening, performed upon the
inspection surface prior to the penetrant inspection.

(8) The proficiency of the inspector

A -test program was conducted in order to study several of th' pcnetrant
inspection variables. both gross cracks and small cracks were used in LhE

program to measure the effect of such variables as penetrant dwell time and
developer type.

a. Penetrant Systems

A large number of penetrant material systems are present>y marketed
and used throughout the airframe and engine industries. These systems
are characterized as color contrast (visible) dye penetrants (solvent
removable and water washable) of several sensitivities, and fluorescent
penetrants (solvent removable, water washable, and post-emulsifiable) of
several sensitivities. The scope of the program to improve the penetrant
method encompassed two penetrant systems which are considered representa-
tive of the systems in common use today. The chosen systems are:

Penetrant Ty-.e Sensitivity Manufacturer's Designation

Fluorescent MIL-.-25135, Group V Magnaflux ZL-2A penetrant,
Post.Emulsifiable when used with developer ZE-3 emulsifier, ZPX-437 non-

aqueous wet developer, ZP-4
dry powder developer, and
ZP-13 aqueous developer

Fluorescent Water Equivalent to MIL-I- Tracer-Tech P-133 penetrant,
Washable 25135, Group VI pene- D499C nonaqueous wet developer,

trant when used with D493A dry developer, D492C
a developer aqueous developer

b. Specimen Fabrication

In a typical production penetrant inspection facility, a variety of
track sizes are encountered. Consequently, if a program is to be con-
ducted on penetrant inspection variables, a variety of crack sizeI
should be used. Both gross cracks and small cracks were used in thestudy reported here.
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(1) Specimens with Tight Cracks

Ti-6A1-4V blanks, I/Ii x 2 x 5 inches, were cut to size and
ground on one side. The blanks were ground to approximately 32 rms
using a 60 grit wheel (12 inch diameter x 1 inch wide), 2,000 rpm
wheel speed, .002 to .003 inch downfeed, and approximately .100
inch crossfeed per pass. The workpiece was flooded with coolant
dur'ing the process. After grinding, the specimens were bent in a

fixture, as shown in Figure 1, to approximately 25% yield strength.
The bent specimens were wetted with methanol and NaCl was applioed
such that NaCl adhered to the specimen surface. The stressed
specimens were lowered into an anhydrous methanol-NaCl solution
and r'emained immersed until cracking occured in a few hours.

ZI

FIG U R E 1 GV)4 011 I1N

FIXTURE FOR STRESSING SPECIMENS

(:) ;',tp c im . ,; wj.t1,1, Gr•.: Crucks;

BKank', 1/4 x 1 x 6 inches, were cut from Ti-6AI-4V and a saw-
cut notch was put into the 1/4 x 6 inch face to serve as a -rack
initiation site. Each specimen was cantilevered in a shaker table
with a Niass of 239 grams added near the free end and was vibrated
at its rebonant frequency (approximately 550 liz). The crack growthwas monitored optically until the desired crack length (1/4 to 1/2

inch) was obtained. The test set-up is shown in Figure 2. The
resulting cracks were propagated through the 1/4 inch thickness and
1/4 to 1/2 inch into the 1 x 6 face (see Figure 2). The surface
finish on the specimens was approximately 32 rms.

5
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(3) Porosity Specimens

Several 'hand forged billets (Ti-6Al-6V-2Sn) containing porosity
have teen collected dtueing past internal programs. The porosity
is depicted in Figure 3. Sections 1/4 inch thick were cut from the
billets, grow-id flat and etched, for use in the penetrant investiga-

~tion.

[!2 X

Phtmcrgah otyica.l tih cak, rsscaks:n

i a. h s k ,

porotisity are shwnin Figures whic hand 5.esecn bensneren in Figre-anhd goso icracks The grostys cracks , ad i odstesrablcy ofe

h, arwiderag of sevral prsiwas masred rereete byighe manfctight arid

ipproxirnately .001 inch and depths of 0.25 and 0.50 inch. Cracks
of this size are amnong those which have been encountered in pro-
duction processes. For examnple, rolling cracks have been encountered
with widths of approximately .001 inch. The width of the tightI
cracks (at the surface) varied from .00016 to .0002 inch and the
crack depth varied from .007 to .060 inch. Cracks this size havej
al:so been] encountered in production processes such as forming. As
shown in Figure 5, the porosity size varied considerably. The

diwnneter of several pores was measured at high magnification andI
found to vary from .0005 to .0075 inch; the depths varied from .00O
to .015 inch.
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FIGURE 4
PHOTOMICROGRAP14S OF STRESS CORROSION CRACKS AND

SHAKER TABLE PRODUCED CRACKS

c. Pre-Penetrant DryingI

In~ the normal penetrant inspection sequence, the inspection surface
is cleaned and dried prior to applying the penetran~t. The purpose of
the drying operation is to remove residual water and cleaning solution
which may have become entrapped in the discontinuities. A number of'
drying procedures are commonly used in industrial production penetrant
inspection systemis.

Several drying methuas were evaluated and compared to oven drying
for 10 minuites at 225"F which was chosen as a typical adequate drying
procedurc. A flow chart is shown in Figure 6 to summarize the test
program. I'; should be noted that the same production cleaning method
was used throughout the drying study.

(1.) Water Washable Penetrant Syst'.!m

A high sensitivity fluorescent water washable penetrant was
chosen for the investigation. Tracer-Tech P-133 penetrant, equiva-

lent in .3ens~i ivity to a MIL-I-25135, Group V pernetrant, was used
along with Tracer-Tech D499C nonaqueous wet developer.
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Clean Ovenetryn Ove DOv-Ceaenetrant

A10Mn satInspect 40 minutes anpet

Cleminue Penetrant Oe r Clean 1 or Penetrant

at Room Inspect at Room Inspect

Temperature ITemperature
J~Vapor dlagrease tor lbJ hours to remove residual penetrant followed by normal production cleaning (alkaline clean

followed by acid pickle to remnove 0.00005 inch and wator rinse).

FIGURE 6 OP'74 0117 143

-PRE-PENETRANT DRYING TEST PROGRAM .

St-ver., gross cracks (approximately .001 inch wiae x .25 inch
long') were used to study each drying condition. The specimens were
comirletely imrmersed during penetrant dwell (10 minutes). Excess
penetrant was washed. from the specimens using a water spray nozzle;
the wash water temnperature was approximately 90OFi and the washI
water pressure was approximately ~40 psi. Bach specimren was washed

until the specimen surface was visually clean under 200 miiirowatts
per cm12 of ultraviolet light (approximPte:!y 1.5 seconds). Nc-.xt, .
the specimens were placed in a ciclc~gair ovien at 1700? and
dried until visually dry (1.5-20 mninultes). Nonaqueous wet develojcer

wspplied to the cracks. After a developmtent time of 15) minutes,
the, Penmetrant indications were photogra.-phed using ýhe fol-wI ing
pare liet~ers: approximately 1,000 mnicrowatts per cm- of u1.travio1ot.

light, P3 second exposure at f9, Royal. Fan Film, Tiffen Yellow No.
f'iIt-,er. An Ultraviolet Products, Inc. spot ultraviolet light was .

used to pr-oduce the ultraviolet light.- E(ach drying procedure wa.
compared to oven drying at 2250r' for 10) minutes by directly
comparintg the photographs of the penetrant indications. The u.Ltra-
violet, light intensity was measured with an Ultraviolet Products,,
Inc. UV Black-flay meter, Model J221.
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There appeared to be little difference between the various
pre-penetrant drying methods used on the gross cracks. Presumably,
these cracks were so large that entrapment of small quantities of
water or cleaning solution did not effectively reduce the penetra-
tion of the penetrant into the cracks.

(2) Post-Emulsifiable Penetrant System

The effect of pre-penetrant drying! was also investigated for
a post-emulsifiable penetrant system. A MIL-I-25135, Group V
fluorescent penetrant system was chosen for tne investigation.
Specifically, Magnaflux ZL-2A penetrant was used with Magnafloux
ZPX.-457 nonaqueous wet developer. The excess penetrant was removed
using Magnaflux ZR-10 remover at a concentration of 0.5 volume
percent. The ZR-10 was metered into the water stream with a FMI
Lab Pump, Model REP.

As for the water washable system, gross cracks (approximately
.001 inch wide x .25 inch long) were used as diicontinuities. The
specimens were alkaline cleaned, acid etched, and water rinsed
followed by the applicable pre-penetrant drying method. The
["ollowing drying nethods were investigated: oven dry at .L.215F for

10 minutes, 175'F for 25 minutes, and 150 0F for 1O minutes and
air dry at room temperature for 60 minutes. The penetrant dwell.
time was 20 minutes and the development time was 15 minutes. All
other inspection parameters were as for the water washable penetrant.

The three oven dry schedules appeared to be more effective than
I did air drying at room temperature for 60 minutes. However, the

crack indications were all visible for all th con3ditions. d hrien
was little difference in the effectiveness of the 3 oden drying
"methods.

d. Penetrant Bleed-Out Time

An important variable in the penetrant inspection process is the
length of time that the penetrant is allowed to bleed out of the dis-
continuity after the excess penetrant has been removed and prior to
the actual inspectiuio. If tho penetrant is not given enough time to
bleed out of the discontinuity, the subsequent penetrant indication may
not attain maximum brilliance. In order to investigate penetrant
bleed-nut times, an investigation was carried out for both a water
washable fluorescent penetrant system and a post-emulsifiable fluorescent,
penetrant system.

j
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(1) Post-Emulsi.fiable Penetrant System

A MIL-I-25135, Group V fluorescent penetrant system was chosen
for the investigation. Specifically, Magnaflux ZL-2A penetrant was
used with Magnaflux ZE-3 emulsifier. The penetrant was used with
Magnaflux ZPX-437 nonaqueous wet developer, with Magnaflux ZP-1 dry
developer, and with Magnaflux ZP-13 aqueous wet developer in order
to determine the effect of various developer types on the results.
In addition, the penetrant was used without a developer although
this system was not a MIL-I-25135, Group V system.

As can be seen from the Figure 7 test plan, the penetrant
bleed-out times were evaluated by photographing the penetrant indi-
cations after the penetrant was allowed to bleed out of the discon-
tinuities for 1, 5, 10, 15, 20, and 30 minutes. Then the photographs
were visually compared to determine the penetrant bleed-out time
required for the indications to achieve their maximum bril].ance.
After the completion of the test plan shown in Figure 7, the entire
program was repeated for penetrant dwell times of 10, 20, and 30
minutes and for nonaqueous wet developer, aqueous developer, and
no developer. The dwell times were chosen based on the MIL-I-6866B
dwell time requirement of 20 to 30 minutes for post-emulsifiable
penetramts.

As shown in Figure 8, it was decided to clean the residual
penetrant from the specimens between tests by trichlerethylene_
vanor degreasitig for 16 hours. In order to demonstrate the effec-
tiveness of vapor degreasing between penetrant inspections, a speci-
men with tight cracks and a specimen with a gross crack were pene-
trant inspected, vapor degreased for 16 hours, and developer was
applied to the surface. As shown in Figure 8, no penetrant
indications were visible after 6 hours of development time. Trich-
lorethylene vapor degreasing is not normally recoimmended for clean-
ing titanium production parts because the presence of residual
chlorine can cause cracking under the stresses and elevated tempera-
tures a part enecunters during service. Since the cracked panels
used in this investigation were not subjected to stress, no further
cracking of the panels was expected.

Specimens containing gross cracks (approximately .001 inch wide
x .25 inch long) and small cracks (approximately .000P inch wide x
.007 to .060 inch long) were used in the evaluation as well as
porosity specimens. The specimens were completely inmmtersed in the
penetrant during the applicable penetrant dwell. Excess penetrant
was washed from the specimens using a Tri-Con 400501 water spray
nozzle after emulsification for 1 minute; the wash water temperature
was approximately 90'F and the wash water pressure was approximaLcly
40 psi. Each specimen was washed until the specimen surface was
visually clean under 200 microwatts/cm2 of' ultraviolet light (approxi-
mately 1.5 seconds). Next, the specimens were dried until visually
dry (10-15 minutes) in a circulating air oven at 1701". The concen-
tration of' the aqueous wet developer, when used, was 1/2 pound per
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Apply Penetrant for 5 minutes

Emulsify for 1 min
Wash Excess Pene'rant, and Oven Dry_

j Apply Dry Developei

Photograph Indications
After Various Bleed-Out Times

1 E mi 1 m 1 m 520 min 30min

Vapor Uiegredb6 f1G- !C Hours

Note: This process was repeated for Penetrant dwell times of 10, 20, anid 30 minutes and fur
Ibonacqueous wet developer, aqueous developer, and no developer

FIGURE 7 GP74-0117-149

TEST PLAN FOR PENETRANT BLEED-OUT TIME STUDY
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EFFECTIVENESS OF VAPOR DEGREASING BETWEEN PENETRANT INSPECTIONS



Ri .gallon. After the appropriate bleed-out times, the penetrant
indications were photographed using the following parameters:
approximately 1000 microwatts per cm2 of ultraviolet light, 25
second exposure at f9, Royal Pan Film, Tiff en yellow No. 2
filter.

The results of the penetrant bleed-out time study as a
function of discontinuity type, developer type, and penetrant
dwell time are summarized in Table I and demonstrated in Figure
9. For the gross cracks and the porosity, no improvement in the
penetrant indications was realized by increasing the penetrant

C. bleed-out time above 1 minute. For several smaller, tighterI-' cracks, the minimum penetrant bleed-out time varied from 1 to 15
minutes depending upon the developer used and the penetrant dwell

time chosen.

'Table 1 indicates that the penetrant bleed-out time shnuld be at

at least 1 minute for the most effective penetrant inspection
except for small, tight cracks where at least 1.5 minutes is neces-
sary. Of course, the penetrant/developer combinations listed in
Table 1 are not equivalent in effectiveness even when the pene-I!trant bleed-out times are nieca-yequiva]Leit.

As previously mentioned, the study was performed on 2 pene-
trant systems and 3 discontinuity types. Consequently, this data
on penetrant bleed-out time should be considered as only a guide to

choosing adequate bleed-out times in a production inspection environ-
Sment. For example a longer bleed-out time might be necessary if
the test parts to be inspected contain tighter, smaller cracks han
those investigated in this program or if the test parts are not as
clean as those investigated in the program.

(2) Water Washable Penetrant System

A high-sensitivity fluorescent wauer washable penetrant was
chosen for the investigation. Specifically, Tracer-Tech P-133

K penetrant was used, which is eiuivalent in sensitivity to a MIL-I-

25135, Group V penetrant when u,;ed without developer. The pene-
trant was used without a developer, with Tracer-Tech D499C nornaqueous
wet developer, with Tracer-Tech D493A dry developer, and with
Tracer-Tech D492C aqueous wet ceveloper (1/2 pound per gallon)
in order to determine the ef fect of various developer types on
the results. The use of a de'eloper increases th, sensitivity
of the system to that of' a Group VI system.iJ

opec,.imet;; coutal iirig tight. and gros's cracks were ;(,,I in the
uat .r art a:.; well as, porosity specismuns. The speci[netis w!r,, ctfU-

pILetely isw' ,.j'rj in the penel.rant durtlnjr, the aipplicable pnetC'ant.
d( e .lW .L X', , I IEhti(-ti'tlftt, WIL!; wa•Siteci II'('1 n tL•' .p citCilttin,; t e ni al
'Tri-Con U (J))50i water spr:,y Cu zzl, e'; Lhf WLIt w:i.t.'r timipr"ratLu 1

' wa,;
a ppt'1, X iiat,1'.;I.t Y"Q 'I' I an t hI IQ Was 1Wh wLtpt' l' c S., 2: u l'(' Wa; : lt1l') Vx in: ]y
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TABLE 1

Gross Cracks

Minimum Bieed-Out 'rime (Min)

Developer Penetrant Dwell Time

5 Min 10 Min 20 Min

None 1 1 1
lNonaqueous Wet 1 1 1
Dry 1 1 1
Aqueous Wet 1 1 1

Porosity

Minimum Bleed-Out Time (Min)

Developer Penetrant Dwell Time

7;,M Min 10 Min 20 Min

None 1 1
Nonaquer)js Wet 1 1 1

P• 1 ~Dry111

Aqueous Wet 1 1 1

Smaller, Tighter Cracks

Minimum Bleed-Out Time (Min)

Developer Penetrant Dwell Tinme

5 Min 10 Min 20 Min

None 1 1 1

Nonaqueous Wet 1 1 1
Dry 1.15A 1. 15 1.5A
Aqueous Wet 1 1

ML. MIL. -2.135, Groutp V post -foiilsiflablo pimnitrant, 1 11h11tito

oinusitficatton time

/ One . nlnuto bleed-out was sufficient for most crocks but a lonuor

Oimi was required for a few smiall cracks
all 14 0117 1 U I

kI
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Penetrant Dwell Time 10 mrin

Specimen 19SC

1 miii Bleed-Out Time 15 min Bleed-Ou~t Timne

FIGURE 9
EFFECT OF PENETRANT BLEED-OUT T!ME

Post-Emulsifiable Penetrant System with Dry Powder Developer
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40 psi. Each specimen was washed until the specimen surface was
visually clean under 200 microwatts/cm2 of ultraviolet light
(approximately 15 seconds). Next, the specimens were dried until
visually dry (10-15 minutes) in a circulating air oven at 170'F.
After the appropriate bleed-out times, the penetPant indications
were photographed using the following parameters: approximately
1000 microwatts per cm2 of ultraviolet ligh1t, 25 second exposure
at f9, Royal Pan Film, Tiffen yellow No. 2 filter.

The test plan was similar to that used for the post-emulsifiable
penetrant (Figure 7) except that the penetrant dwell times were 1, 5,
and 20 minutes. Specific values for penetrant dwell time for high-
sensitivity water washable penetrants are not specified in MIL-I-
6866B. Consequently, the dwell times were based upon McDonnell Air-
craft Company experience in production penetrant inspection. The
penetrant bleed-out times were evaluated by photographing the pene-
trant indications after the penetrant was allowed to bleed out of
the discontinuities for 1, 5, 10, 15, 20, and 30 minutes. Then the
photographs were visually compared to determine the penetrant
bleed-out time required for the indications to achieve their maximum
brilliance.

The results of the penetrant bleed-out time study for the
water washable penetrant are summarized in Table 2 as a function
of developer type and discontinuity type. As in the case of the
post-emtlsifiable penetrant system, a penetrant bleed-out time
of 1 minute was required for full development of the penetrant
indications from the more open discontinuities such as the porosity
and gross cracks. However, no improvement in the penetrant
indications occurred by using a longer penetrant bleed-out time.
For several smaller, tighter cracks, as much as 5 minutes was
required to fully develop the penetrant indications depending upon
the developer type used.

It should be noted that Table 2 in no way indicates the rela-
tive effectiveness of various developer types or the effect of
varying penetrant dwell times. For example, a shorter minimum bleed-
out time for aqueous wet developer versus dry developer does not
indicate that aqueous wet developer was more effective. These elfects
are covered in later sections of this report.

As in the case of the post-emulsifiable penetrant system work,
this investigation was performed with one penetrant system. Conse-
quently, these minimum penetrant bleed-out times should be regarded
only as guidelines for production penetrant inspection.

e. Penetrant Dwell Time

An important variable in the penetrant inspection process is the
dwell time of the penetrant. Th-2 dwell time of the penetrant elhould hb
long enough to allow the penetrant to enter any discontinuity; however,
if the peinetuatit dwell time is too long, Lhe penetrant can dry irr kiing
it dif'ficult, to remove excess penetrant. Al:;o, the minimum pron-Lrant
dw.[.1 time may vary as the size of the (i: sontAnuity varl-es.

18
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TAL 2]

MINIMUM PENETRANT BLEED- OUT TIME FOR
WATER WASHABLE PEN ETRANT SYSTEM

GosCracks
MnmmBleed-Out Time (Mint

Developer Penetrant Dwell Time

I in 5 Min 1 20 Min

None111
Nonaqueous Wet I

Dry111

Aqueous Wet 1 1 1

tkorisity

Minimum Bleed-Out Time (Min)

Developer Penetrant Dwell Time

1 Min 5 Min 20 Min

Z"None111

NonaqueOuLs Wet
Dry111IAqueous Wet 11 1

Smaller, Tighter Cracks
MnmmBleed-Out Time (Min)

Developer Penetrant Dwell Time

1 Min 5 Min 20 MinI
None 11 1

Nonlaqueous Wet 1 to 5 1 to 5 1 to 5

Dry 1 to 5 1to 5 1itoS
Aqueous Wet 1 1 1:4u ~

" fL



Consequently, this important aspect of penetrant testing was inves-

tigated for both a water washable fluorescent penetrant system and a
post-emulsifiable fluorescent penetrant system.

(1) Post-Einulsifiable Penetrant System

The photographs of the penetrant indications taken during the

bleed-out time study were used. to study the effect of penetrant
dwell time.

The penetrant bleed-out time study indicated that under no
circumstances was more than 15 minutes bleed-out time required to
achieve maximum brilliance of the penetrant indications. Conse-

quently, the penetrant dwell times were compared for a penetrant
bleed-out time of 15 minutes.

The resuats of the penetrant dwell time study as a function of
discontiuuity type and developer type are sunmnarized in Table 3 and
demonstrated in Figure 10.

TABLE 3
MINIMUM PENETRANT DWELL TIME

(Post-Emulsifiable Penetrant System)

Minimum Penetrant Dwell Time (Min)

Developer Gross Porosity Smaller, Tighter

Cracks Cracks

None 20 20 20

Nonaqueous WeO 10 20 20

Dry 5 20 5 and 20/

Aqueous Wet 5 10 20

Z\A 1 ss'iss o dsslsilcatlon time was used

s1 l mn w s . su. f ,ficiett for .... cs . ks but 20 stnl was required for several s...all cra .

GP'4 0515 554

Th3 test. re,,ults indicate that the minimum penetrant dwell I
Lime varies as a function of discontinuity type and developer type.
The longest required penetrant dwell time was 20 minutes. if it is
assumed that it is necessary to detect all three discontinuity types

(gross cracks, small cracks, and porcsity) in a penetrant inspection
process, then, for all cases, at least a 2f Linute penetrant dwell
time would be necessary. These data supp, the present MIL-I-6866B
dwell time requirement of.20 to 30 minutes. It should be noted that
Table 3 in no way indicates the relative effectiveness of various
developer types. For example, a shorter required dwell time,

20
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Gross Cracks Specimen 33C
Nonaqueous Wet Developer

5 mi
Dwell Time Dwell Time

Smaller, Tighter Cracks, Specimen 15SC
No Developer

5 min 20 min

Dwell Time Dwell Time

(';P14 1 11 1 !i

FIGURE 10

EFFECT OF PENETRANT DWELL TIME

(Post-Emulsifiable Penetrant - 15 Min Bleed-Out Time)

A
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(0Post-Emulsifiablemi Penetrat- 35 Mm Bleed-OuttTime
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when using dry developer on gross cracks versus nonaquenous wet
developer, did not necessarily indicate that the dry developer
was more effective. These effects are covered in later sections
of this report.

(2) Water Washable Penetrant System

As with the post-emulsifiable penetrant system, the photo-
graphs of the penetrant indications taken during the bleed--out
time study were uced to study the effect of penctrant dwell
time. The photographs of the penetrant indications were visually
compared to determine the penetrant dwell time necessary for
maximun penetrant indication brilliance.

Since the penetrant bleed-out time study indicated that
under no circumstances was more than 5 minutes bleed-out time
required to achieve maximum brilliance of the penetrant indicationis',
the penetrant dwell times were compared using a penetrant bleed-
out time of 5 minutes.

The results of the penetrant dwell time study as a furc Lion
of discontinuity type and developer type are summarized in
Table 4 and demonstrated in Figure 11.

As seen in Table h, the required penetrant dwell time varied
as a function of discontinuity type and developer type. The required.
penetrant dwell time was 5 minutes for the gross cracks, irrespective
of the developer type used. A variation in the required penetrant
dwell time was noted fo-r the smaller tighter cracks depending upon
the type of developer used. When no developer was used, the smajorit::
of the crack indications were present when the dwell time was 5
minutes. However, 20 minutes dwell time was required for several
of the small, tight cracks. When nonaqueous wet developer or dry
developer was used, a 5 minute penetrant dwell time was sufficient.
For aqueous wet developer, a 1 minute dwell time is indicated, which
indicates that the strengths of the indications were not improved by
longer bleed-out times. However, this developer was totally
ineffective as very few of the smaller, tighter crack indications
were visible, no matter what penetrant dwell time was used.

In summary, for the most effectivc penetrant inspection, at
least 20 minutes dwell time should be used for a system without,
developer or with aqueous developer, and at least 10 minutes dwell
time should be used for systems employing a nonaqueous wet or dry
developer. Of course, these penetrant/developer combinations are not
equivalent in effectiveness even if the required penetrant dwell
times are numberically equivalent. The relativw, offectiveneess •cf the
systems are discussed in Section i-k of Llh:i,; l'(,porn.

It should be kept in mind that tile pcl etrantm (wN(l t1111i. ý:tud:y
was performed on " 1esonetrant types. Other Grupul \' I r:unt :y::t in:

rmr~y i(2(Ihiil•i'" r ('l." 'n l rl t . :: W",il w, I '( I il: C : Il

- 'U-,: ) '. ',,,', .,, :. . . .. -., . • ., , , . . . . . -,. ..•i L • , L ,'pV.. c ;. .cd i



1 71

Nonaqueous Wet Developer
Porosity Specimen - 4P-1

L

1 main Dwell Time 5 min Dwell Time 20 min Dwell Time

FIGURE 11 0P7"°"7"5

EFFECT OF PENETRANT DWELL TIME
(Water Washable Penetrant)

"TABLE 4
MINIMUM PENETRANT DWELL TIME

(High Sensitivity Water Washable Penetrant System)

Penetrant Dwell Time (Min)A

Developer Gross Porosity Smaller, Tighter

Cracks Cracks

None 5 10 5 and 20/'
Nonaqueous Wet 5 10 5
Dry 5 10 5
AqueouW Wet 5 20 1

A Thu blaed-out time exceeded the minimum effective bleed-out time

m5 min was required for most cracks but 20 mh•i was required for several small cracks

. Few crack Indications were vitible when using aqueous wet developer

.',1

G 1 1 1
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were to be detected. Also, the test specimens used for this labora-
tory investigation were very carefully cleaned for the investigation.
Production parts cleaned prior to a production penetrant inspection
may not attain this degree of cleanliness and therefore, a longer
penetrant dwell might be necessary. However, the penetrant dwell
time data developed in this program can be used as a guideline for
selecting adequate penetrant dwell times in a production penetrant
inspection.

f. Developer Effectiveness

The purpose of a developer in penetrant inspection is to increase
the visibility of the penetrant available at a discontinuity by spreading
it and drawing more of it from the discontinuity and to provide a
background from which to view the penetrant indications. Several types
of developers are currently in use: nonaqueous wet, dry, and aqueous
-.,et. Consequently, a program was undertaken to evaluate the relative
effectiveness of these developer types in comparison with no developer.

(1) Post-Entulsifiable Penetrant System

The photographs of the penetrant indications taken during the
bleed-out time study were used to study the relative effectiveness of
developer types. Previously mentioned studies indicated that no
improvement in penetrant indications was noted for penetrant dwell.
times greater than 20 minutes and for penetrant bleed-out times
greater than 15 minutes. Consequently, the developer effectiveness

was compared by evaluating the photographs of penetrant indication.3
resulting from a penetrant dwell. time of 20 minutes and a penetrant

bleed-out of 15 minutes. A 1 minute emulsification time was used.

The results of the developer effectiveness study are stumnarized
in Table 5 and shown in Figures 12 and 13.

TABLE 5
RELATIVE EFFECTIVENESS OF DEVELOPER TYPES

Post-Emulsifiable Penetrant

(1) Nonaqueous Wet, Dry and Aqueous -
Gross Cracks Equally Effective

(2) No Developer

(1) Dry

Porosity (2) Nonaqueous Wet (Slightly Less)
(3) No Developer
(4) k-queous

Smaller, (1) Nonaqueous Wet and Dry - Equally Eftective
Tighter Cracks (2) No Developer (Slightly Less Effective)

(3) Aqueous
0 P 14 01 1 t 168 '
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Specimen No. 34C

SI

K --

No Nonaqueous Wet Dry Aqueous Wet

Developer Developer Developer Developer

G•P74.0117.160
FIGURE 13

RELATIVE EFFECTIVENESS OF DEVELOPER FOR
DETECTION OF GROSS CRACKS

(Post.Emulsifiable Penetrant - 20 Min Dwell Time -
15 Min Bleed-Out Time)

The gross cracks (approximately .001 inch wide x .25 inch long)
were all visible for each of the four conditions (no developer,

nonaqueous developer, dry developer, and aqueous wet developer);
however, the indications were brighter when a developer was
used. The three developer types were essentially equally effec- A

tive on the gross cracks. As shown in Figure 12, aqueous wet
developer was least effective for the tight cracks. For the

* detection of the smaller, tighter cracks (approximately .0002
inch wide x .060 inch long) nonaqueous and dry developers were
most effective with no developer being slightly less effective.

Aqueous developer was the least effective. For the detection
of' porosity, dry developer was the most effective with nonaqueous
slightly less effective. No developer was next effective while
aqueous developer was the least effective of all.

Based on these test results, then, there is a definite difference
in the effectiveness of the various developer types depending on
the discontinuity that is of interest and for a production penetrant

inspection to be most effective these considerations should be kept
in mind.

27



(2) Water Washable Penetrant Systemr

Specimens containing tight and gross cracks were used in the
evaluation as well as po-osity specimens. The spk'cimens were pene-
trant inspected using Tracer-Tech P-133 high sensitivity water
washable penetiant, equivalent in sensitivity to MIL-T-25135 Group
V penetrant when used without a developer. Tracer-Tech D-499C
nonasqueous wet developer, Tracer-Tech D493A dry developer, and
Tracer-Tech D),92C aqueous wet developer were used in the investi-
gat-ion a2 well as no developer. The use of a developer increases
the scunsitilrity of tha system to that of a Group VI system. The pene-
trant dwell times and developer bleed-out times used exceeded the
minimum effective times established in the previously discussed
dwell time study. The penetrant inspection parameters were the
sEame as used in the dwell time study.

The test results are sumnarized in Table 6. The pentrant

indications of the gross cracks (approximately .001 inch wide x .25
inch long) were essentially equivalent when any of the three

developers were used, but the crack indications without developer
were less effective. Because of the large crack area involved, a
large reservoir is available for the penetrant. Consequently, the
difference between developers is probably reduced due to the large
volume of penetrant within the cracks.

The effectiveness of the developers on smaller. tighter
oracks (approximately .0002 inch wide x .060 inch long) i'sý demon-
strated in Figux'e 14. Aqueous wet developer was nearly totally
ineffective when used with the water wa-,shablic penetrant to detect
the smaller, tighter cracks, as very few of the crack indications
were evident. Many crack indications were evident when no deieloper

TABLE 6
RELATIVE EFFECTIVENESS OF DEVELOPER TYPES

Water Washable Penetrant
(1) Nonaqueous We,, Dry and Aqueous -

Gross Cracks Equally Effective

(2) No Developer

Porosity All Types Eaually Effective

Smaller, (1) Nonaqueous Wet and Dry - Equally Effective

Tighter, Cracks (2) No Deveioper
(3) Aqueous

OP 14 011 161
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Specimen 4SC
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. ,J ye

No Developer Nonaqueous W et Developer,-_"L•
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' ,

Dry Developer Aqueous Wet Developer

01111. o I1 1 162FIGURE 14
RELATIVE EFFECTIVENESS OF DEVELOPER FOR
DETECTION OF SMALLER, TIGHTER CRACKS

(Water Washable Penetrantl
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was used but these indications were enhanced when either dry or
nonaqueous wet developer was applied. Nonaqueous wet and dry
developers were the most effective. Except for a few isolated
cases, the nonaqueous wet and dry developers were equivalent in
effect iveness.

All three developer types, as well as no developer, were
equally effective on porosity indications. As in the case of the
gross cracks, the porosity probably holds a relatively large
volume of penetrant compared with the smaller, tighter cracks,
lessening the difference between developers. It should be
noted, however, that the aqueous wet developer tetids to make the
porosity indications indistinct.

g. Emulsification Time

In a post-emulsification penetrant -system, the emulqifier is
applied in a separate step prior to washing excess penetrant f-om the
test part surface. The time that the emulsifier remains in contact with
the part must be long enough so that the excess penetrant can be
effectively removed from the part surface but not so long as to cause
penetrant to be removed from discontinuities. This aspect of penetrant
testing was studied for the MIL-I-25135, Group V fluorescent penetra't
(Magnaflux ZL-2A) used with Mangaflux ZPX-h3Y nonaqueous developer,
Magnaflux ZP-4 dry developer Magnafilux ZP-].3 aqueous wet developer, and
without a developer. Magnaflux ZE-3 emulsifier was used and emulsifica-
tion times of 1, 3, and 10 minutes were evaluated. P'3nsed on the previous:
results, a penetrant dwell time of 20 minutes was used along with a
penetrant bleed-out time of ].5 minutes. As before, specimens containing
tight and gross cracks were used as well as as porosity specimens. A
summary of the testing is shown in Figure 15.

30
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ApyEmulsify Apply Poorp
Penetrant -0for 3 Min, Wash, NonaqueousPetan

for 20 Mmi and Oven Dry DeveloperIniaos

Apply Emulsify Apply Poorp
Nonetaqutu for 10 Min, Wash, Nnqeu Penetrant

Deeopr'0Mi and Oven Dry feeopr 20nd j icatons~

t Penetrant

Note: This process was repeated for dry developer, aqueous developer, and no developerGP40116

FIGURE 15
TEST PLAN FOR EMULSIFICATION TIME STUDY
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The sp~ecimens were complete!%, immuersed in Tzhe penetrant during the
applicable pentrant dwell time. Excess penetrant was washed frcm
the specimens after the appropriate emulsification time using a
Tni-Con 400501 water spray nozzle; the wash water temperature was
approximately 90OF and the wash water pressure was approximately
40 psi. Each specimen was washed until the specimen surface was
visually clean under 200 microwatts/cm2 of ultraviolet light
(appro.>Zmately 15 seconds). Next, the specimens were dried until
visually dry (10-15 minutes) in a circulating air oven at 1700F.
The concentration of the aqueous wet developer, when used, was

1/2 pound per gallon. After the 15 minute bleed-out time, the
penetrant indications were photographed using the following para-
meters: approximately 1000 microwatts per cm2 of ultraviolet

light, 25 second exposure at f9, Royal Pan Film, Tiffen yellow No.I
2 filter. The effect of emulsification time was evaluated by
directly comparing the photographs. of 'the penetrant indications
resulting from 1, 3, and 10 minutes emulsification time.

The results of the emulsification time study are su,=narized
in Table 7. An emulsification time of 1 minute was adequate for
effective removal of excess penetrant in all cases. For the gross
cracks as much as 10 minutes emulsification time could be used
without reducing the effectiveness of the penetrant test (Figure 16).
However, for smaller, tighter discontinuities, the emulsification
-'ime had to be kept at 3 minutes or less to avoid a reduction in the
brilliance of the penetrant indications. Based on these results,
then, am emul sification time of less than 3 minutes should be used in
order to effectively detect a wide variety of crack and porosity
sizes using a MJIT,1--25135, Group V post-camulsifiable penetrant
system.

a few emulsification times and one surface condition (as-machined) was

investigated. Consequently, these results should be used only as
guidelines to the selection of emulsification times for alternate
surface conditions such as as-cast or us-forged surfaces.

EFFECTIVE EMULSIFICATION RANGE

IEffective Emulsification Range (Min)
Developer Gross Smaller, Tighter

Cracks PooiyCracks

None 1 to 10 i to Less Than 3 i to Less Than 3

Nonaqueous Wet 1 to 10 1 to Less Than 3 1 to 3Z A

Dry 1 to 10 1 to 3 1 to Less Than 3A2~

Aqueous Wet 1ito 10 1ito3 1ito Less Than 3

LPenetrant bleed-out time (15 min) arid penetrant dwell timu (20 m,) exceeded the minimum req.uired-

The10 mi mulsification timre was acceptebly *or most cracks but was too long for several small cracks

32 1. i.
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Gross Cracks - Specimen 300
Dry Developer

1min 10 minI

Em-ulsification Emulsification
'rime Time

GP74-0117-160

FIGURE 16
EFFECT OF EMULSIFICATION TIMEI

(Post- EmulIsif iable Penetrant System - 20 Min Penetrint Dwell Time
and 15 Min Penetrant Bleed-Out Time)
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Smaller, Tighter Cracks Specimen 19SC
NonaqueOous Wet Developer

4 ,

NI

1mill 3 uni 10 Miii
Emulsification Emulsification Emulsification

Time Timne Time

FIGURE 16 (Continued) (14 /01 1

EFFECT OF EMULSIF.CATION TIME
(Post-Emulsifiable Penetrant System -20 Min Penetrant Dwell Timne

aid 15 Miii Penetrant bleed-Out Time)
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h. Water Washing Techniques

The removal of the excess penel ant prior to examination is an
important step in the penetrant inspection process. The purpose of
removing the excess penetrant is to remove any confusing background
or false indications which may interfere with the indications of
discontinuitieb. At the samne time, the cleaning operation must not
remove penetrant from discontinuities themselves.

Several types of cleaning operations can be used to remove excess
penetrant. Wiping the surface with cloths, either dry or moistened
with solvent, has been done but has the disadvantage of being too slow
for quantity production inspection. When cleaning by spraying with
solvents, it can be difficult to avoid removal of penetrant from dis-
continuities. Probably the most important and widely-used cleaning
technique is washing with water; this can be accomplished either by
using penetrant with an incorporated emulsifier or by application of
the emulsifier as a separate step. Because of the emphasis upon water
washing in production penetrant inspections, this portion of the pro-

gram concentrated on the variables involved in water washing. Hand
held sprayers were used for this portion of the program; therefore,
the angle of water impingement varied throughout the entire washing
operation.

(1) Post-Emulsifiable Penetrant

An investigation was performed to establish acceptable water
washing parameters for removal of excess penetrant using a post-

emulsifiable penetrant system.

Magnaflux ZL-2A penetrant (MIL-I-25135, Group V fluorescent
penetrant) was used along with Magnaflux ZE-3 emulsifier and
Magnaflux ZPX-437 nonaqueous developer. The penetrant dwell time
was 20 minutes, the emulsification time was 1 minute, and the
penetrant bleed-out time was 15 minutes; these choices were based
upon the results of the previous testing

Specimens containing tight and gross cracks were used in the
evaluation as well as porosity specimens. The specimens were
"completely inunersed in the penetrant during the applicable
penetrant dwell. After emulsification, excess penetrant was
"washed from the soecimens using the applicable washing parameters
shown in Table 8. Each specimen was washed until the specimen
surface was visually clean under 200 microwatts/cm2 of ultravic-let
light,

35
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TABLE 8
WATER WASHING PARAMETERS

Water Removal Water Temp Water Pressure
Method (OF) (psi)

40
70 60

90
Water Spray 40

(Nozzle)A 100 60
S90
40

145 60
90

70

Immersion 100
'145

i i t Tri-Con;400 501 Nozzle
GP74-0117t167

A Tri-Con 400501 heavy duty spray wash gun was used for the
spray wash portion of the program. The spray gun was held 8 inches
from the specimen surface during the washing. Initial testing
indicated that approximately 7 seconds washing time was required

to remove all the excess penetrant from the specimens; consequently,
a 7 second washing time was used throughout the program for
consistency.

The immersion wash tests were carried out using a 10 x 16 inch
container, 6 inches deep. The water in the container was air
agitated using a stainless steel tube (3/8 inch I.D. x 12 inches

long) which had 44 holes drilled in it for &ir passage. The stain-
less steel tube was directly connected to a 90 psi air line. It
was found that a time of 2 minutes was required to wash excess penetrant
from each specimen using this apparatus and, consequently, a two
minute wash time was used throughout the program. The specimens
were dried after washing until visually dry (10-15 mmin.) in a

circulating air oven at 1700 and after the appropriate bleed-out
timeos, the penetrant indications were photographed using the
following paraineters: approximately 1000 microwatts per cm 2 of

ultraviolet light, 25 second exposure at f9, Royal Pan Film,
Tiffen yellow No. 2 filter. Next, specimens were vapor degreased
for 16 hours in order to remove re5idual penetrant and the testing
was repeated using another set of washing parameters.

I
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The water washing parameters were evaluated by visually
comparing the photographs of the penetrant indications resulting
from each test condition. Since it was found initially that the
excess penetrant could be adequately removed by washing for 7
seconds at 40 psi and 70'F, the photographs of the penetrant
indications resulting from the other washing conditions were
compared to the 40 psi/70'F indications to determine if any
overwashing occurred at the higher pressures and temperatures.
The results of the investigation indicated that the specimens
containing gross cracks could be washed using water pressures up
to 90 psi and water temperatures up to 145°F without reducing the
strength of the penetrant indications by overwashing (see Table 9).

The more open discontinuities, such as porosity, could be
effectively vashed without overwashing as long as the spray water
was either 40 psi/70°F or 4o psi/100°F. Increasing the water
pressure to 60 psi or the water temperature to 145°F reduced the
strength of the penetrant indications as demonstrated in Figure 17.

TABLE 9

ACCEPTABLE WASHING CONDITIONS
Post-Emulsifiable Penetrant System

Removal Discontinuity Acceptable Conditions
Method Type

40 psi - 70°F to 145 0 F
Spray Gross Cracks 60 psi - 70°F to 145 0 F
Nozzle 9V psi - 70°F to 145°F
(Tri-Con-
400501) Porosity <60 psi - 70°F to > 100°F but < 145°F

for 7 Smaller, 40 psi - 70°F to 145 0 F
Sec Tighter Cracks 60 psi - 700F° to 145 0 F

<90 psi - 70°F to > 100°F but < 145°F

Gross Cracks 70°F to 145 0 1"

Immersion Porosity 70°F to 145 0 F
For 2 Min Smaller,

Tighter Cracks < 60 psi - 70°F to > 100°F but < 145uF

GP74.0117 168
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40 psi - 70°F 90 psi - 145oF

GP14017 161 16

FIGURE 17
DEGRADATION IN PFNETRANT INDICATIONS DUE TO
OVER WASHING

(Post-Emulsifiable Penetrant System)

The specimens containing smaller, tighter cracks could be washed at
all water pressure/water temperature combinations except 90 psi/1450 F
without overwashing.

Overwashing of small discontinuities was less of a problem
with the inunersion method than with the water spray method.
There was no reduction in the penetrant effectiveness for porosity
at 145'F compared with 700F. In addition, the porosity penetrant
indications were larger arid more distinct after irmersion washing
as compared with spray washing. Presumably, the mechanical
scrubbing action of the water spray removes some of the penetrant
from the pores while the immersion method does not.

All of the specimens were washed for 2 minutes during the
immersion tests in order to evaluate the water temperatures under
equivalent washing times. However, it was found that the time
required to wash excess penetrant from the specimen surfaces was
a function of water temperature. At 70'F, 2 minutes were required;
au 1000F, )15 seconds were required; and at 1501F, 30 seconds were
required.

These test results bear out the importance of controlling the

water washing parameters, even with a post-emulsifiable penetrant
system. For example, if a production penetrant inspection were
to be performed with the intent being to detect open, shallow
discontinuities, such as porosity, the spray wash should be performed
at a msximuii water pressure which lies between h4O psi and 00 psi and
at a maximum water temperature which lies between 1000'1 and :'L!5 0°.
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(2) Water Washable Penetrant

An investigation was made of the effect of wash water pressure
and temperature for the water washable pen',trant system.

Tracer-Tech P-133 penetrant was used, which is equivalent in
sensitivity to a MIL-I-25135, Group V penetrant. The penetrant was
used with Tracer-Tech D499C nonaqueous wet developer. Based on
the previous results, a penetrant dwell time of 20 minutes was used
along with a penetrant bleed-out time of 15 minutes.

Specimens containing tight and gross cracks were used in the
evaluation as well as porosity specimens. The penetrant testing
was performed using the same equipment and techniques described
above for the post-emulsifiable penetrant system.

As in the case of the post-emulsifiable penetrant system, the
excess penetrant was adequately removed by washing for 7 seconds
at h0 psi and 70'F. Consequently the photographs of the penetrant
indications resulting from the other washing conditions were
compared to the 40 psi/70°F indicatiuns to determine if any over-
washing occurred at higher pressures and temperatures.

The results indicated that the specimens containing gross
cracks could be washed using water pressures up to 90 psi and
water temperatures up to lh5'F without reducing the strength of
the penetrant indications by overwashing (see Table 10).

TABLE 10
ACCEPTABLE WASHING CONDITIONS

(Water Washable Penetrant System)

Removal Discontinuity Acceptable Conditions
Method Type

40 psi - 70°F to 145 0 F
Spray Gross Cracks 60 psi - 70°F to 145°F
Nozzle 90 psi - 70°F to 145°F
(Tri-Con-
400501) Porosity <, 60 psi- 70°F to < 100°F

for 7 40 psi - 70OF to 145°FacSmaller#,ý
Sec Smler 60 psi - 70OF to 1450FTighter Cracks 60 psi - 70°F to 145°F

90 psi -70°F to 145°F /1
Porosity 70°F to < 100°F

Immersion Gross Cracks 70°F to < 1000 F
For 2 Min Smaller,

Smaller.70°F to < 100OF
L Tighter Cracks

/L.-.145F was acceptable for most cracks but for a few cracks 70°F was the
maxlrmum acceptable temperature

GP140111 170
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However, as might be expected, the porosity was much more

susceptible to overwashing. Overwashing occurred when the water

pressure was increased from 40 psi to 60 psi or when the water
temperature was increased from 70OF to 100'F. The smaller,
tighter cracks could be washed at water pressures of up to 90
psi and water temperatures of up to 1450 F (in most cases) without
overwashing occurring. Typical photographs of the results are
shown in Figure 18.

The water washable penetrant system was quite sensitive to
water temperature when the immersion technique was used. If the
water temperature was increased from 70OF to 100'F, the excess
penetrant was very difficult to remove, even with extended
washing times. Several penetrant manufacturers were contacted
concerning this situation and it was learned that most high
sensitivity water washable penetrants are formulated such that
washing at higher water temperatures is difficult. Apparently,
this is overcome by scrubbing action during water spray removal.

An investigation was made of the effect of washing time on
subsequent penetrant indications. A few of the test panels con-
taining the smaller, tighter cracks were spray washed as shown
below:

Wash Water Wash Water
Specimen No. Pressure (si) Temp. (OF) Washing Time

A 4o 70 7 seconds
ho 70 60 seconds

B ho 70 7 seconds
40 70 2 minutes

C 4o 70 7 seconds
ho 70 3 minutes

The cursory examination of the effect of washing time
revealed that the smaller, tighter cracks could be washed for as
long as 3 minutes at a water pressure of 140 psi and a water
temperature of 70 0 F without any degradation in the strength of'
the penetrant indications (see Figure 19). However, extrapolation
of these results to other discontinuity types should. be done with I
caubion. More open discontinuities, such as porosity, most surely

would be more sensitive to washing time.
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40 psi - 70(F 60 psi- 700F

40 psi 14 5C F

(II /4 Oit ) I i

FIGURE 
18

DEGRADATION IN PENETRANT INDICATIONS DUE TO
OVER WASHING

(Water Washable Penetrant System)
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V• A separate test program was conducted in cooperation
with and through the courtesy of the Magnaflux Corporation,
Chicago, Illinois, in order to further study water washiv"
parameters. The specimen types used for this study were four
specimens with gross cracks, four specimens with tight cracks, and
two specimens containing porosity. A MIL-I-25135, Group V
fluorescent penetrant system was chosen for the investigation.
Opecifically, Magnaflux ZL-2A penetrant was used with Magnaflux
ZP-9 nonaqueous wet developer. Limited additional work was done
using Magnaflux ZP-4 dry powder developer and Magnaflux ZP-13A
Saqueous wet developer. The excess penetrant was removed in all
cases with Magnaflux ZR-10 remover. A summary of the test
parameters is shown in Table 11.

Initially, all specimens were vapor degreased for 16 hours
as a cleaning method. Next, the specimens were immersed in the

penetrant bath and allowed to dwell immersed for 5 minutes.
Excess penetrant was removed by spraying ZR-10 remove.' solution
onto the specimen surface at 70 0 F. In practice, the specimens
were hand-held by cl.amps and oscillated up and down and from
side-to-side in a spraying area which directed two remover/water
streams at the front and rear of the specimens. The ZR-10
remover concentration was controlled by metering the remover
into the wash water stream with a calibrated piston pump.
After washing for the specified time, the specimens were dipped
into clean water and immediately blown with compressed air to
remove residual ZR-10 remover. Next, the specimens were force

air dried for 3 minutes at 1750 F before application of the
developer. The ZP-9 nonaqueo, s wet developer was applied by
aerosol can. Three or four passes were made over each surface.
The development time was 10 minutes. The effect of varying the
washing parameters was determined by measuring the brightness of
selected penetrant indications with a Spectra Spot Meter, Model
UB 1/4, manufactured by the Photo Research Division of Kollmorgen.
The Spectra Spot Meter was used with the visual brightness filter
supplied with the instrw.'-t in order to make the light meter
closely follow the sensitivity of the eye. The brightness
measurements were made while the specimens were illuminated with
3000 microwatts per cm 2 of ultraviolet light at the specimen
surface as measured with the Ultraviolet L..ght Products Model
J-221 light meter. The Spectra Spot Meter measures the visible
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A W1

7 sec Wash Time 3 mini Was', Time

FIGURE 19 P 14 011 112

EFFECT OF WATER WASHING TIME
(Spray Washing - 40 PSI/700 F)
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TABLE 11
WASHING PARAMETERS

Was Tie ] Water ZR-10 RemoverWashTim Pressure Concentration
rps (Volume %)

25 0.00
0.1nl

15 0.29

35 0.35L _________1.07

40 0.29

10 02
0.4

25 0.00
0.10

60 0.29

35 0.35
1.07

40 0.29

10 0.29

25 0100
120 02

35 0.316
1.07

40 0.29

10 0.29
0.43

25 0.00
300 0.10
300 0.29

35 0.35
40 21.07
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brightness of an area 1/60 inch in diameter. For the network oC
tight cracks, brightness measurements were made at the junction

between 2racks where the developed indications occupied appr-oxi-
mately 10 to 25 percent of the viewing area. Approximately 16
measurements were made for each specimen and the readings were
averaged. The gross crack indications occupied the entire viewing
area and the porosity indications occupied from 50 to 100 percent
of the viewing area. Approximately 6 measurements were made !or

each gross crack and the readings were averaged.

After the brightness measurements were made, the specimens
were cleaned to remove all residual penetrant materials so that
the specimens could be reprocessed using another set of washing
parameters. The specimens were cleaned by perchlorethylene vapor
degreasing for 30 minutes followed by ultrasonic cleaning with
perchlorethylene for 10 minutes.

An examination of the indication brightness as -t function of'
water pressuxe indicated that there was no significant overwashing
for water pressures up to 40 psi. Foi- the purposes of these tests
a significant change in indication brightness is considered at
least 20 percent change since this is approximately the smallest,
change which can be detected by the eye.

The effect of ZR-lO remover concentration on the indication

brightness is shown in Table 12 for a 60 second wash time and
25 psi water pressure. The indication brightness decreased
significantly where the remover concentri.tion was increased from
0.35 volume percent to 1.07 volume perce.. It should a-.so be
noted that -the background fluorescence was easily removed with a
concentration as low as 0.1 volume percent. These roesults indicate
that machined parts can be properly processed with Z71-10 remover
without overwashing but that the concentration of the Z-].0 remover
is a factor that shoula be controlled.

'The effect of spray time on indication brightness is demonstrated
in Table 13. Each indication brightness value was arrived at by
using a total of' 4 specimens containing small cracks and 4 specimens
containing gross cracks. For each of the ) specimens containing
sini.l cracks, approximately 16 indication brightness measurements
were made and an average ['or each specimen was computed. For each

of the h specimens containing gross cracks, approximately )i

brightness measurements were made and an average was computed

for each. Finally, a single value of' indication brightness for

that particular spray wash time was arrived at by adding the 8

avurage brightness iralues. It is this siumation value that
appears in Table 13. It can be seen that for i le parjn0,ter:,,

chosen, the wash time did not appear to reduce the strength of J

the penetrant indications significantly.
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i. Viewing Light Intensity

During inspection using fluorescent penetrant, the piece to be
inspected is illuminated with ultraviolet light. The fluozescent
dye in the discontinuities absorbs the black light and re-emits the
energy in the visible light range. Consequently, the brilliance of'
the discontinuity indication varies with the intensity of the black
light at the inspection area.

In order to study the effects of ultraviolet light versus back-
ground white light, tests were conducted in cooperation with and
through the courtesy of the Magnaflux Corporation, Chicago, Illinois.

(1) Test Procedure

A test specimen containing porosity was used. The penetrant
indications were produced by penetrant testing with Magnaflux
ZL-2A post-emulsifiable fluorescent penetrant which is a
MIL-I-25135, Group V penetrant. The porosity specimen was dipped
into the penetrant and allowed to drain in air for 5 minutes.
Excess penetrant was removed using Magnaflux ZR-10 remover
injected into a water strewa at a concentration of .29 volume
percent, a water temperature of l' 0 °F, and a wash water pressure
of 25 psi. The ZR-10 remover was metered into the wash water
strewn by a calibrated piston pump. The wash time was 60 seconds
and the water spray was approximately 90 degrees to the specimen
surface. After spray washing, the specimen was dipped into clean
water to remove excess UR-10 and excess water was removed with
compiressed air. Next, the specimen was force air dried for
three minutes at 175 0 F and Magnaflux ZP-9 nonaqueous wet developer
was applied. After a development time of 10 minutes, brightness
measurements were made.

The brightness measurements were made using a Spectra Spot
Meter, Model UB 1/14, manufactured by the Photo Research Division
of Kollmorgen. The Spectra Spot Meter was used with the visual
brightness filter supplied wiKL'. the instrwument in order to make

the meter light response closely follow the sensitivity of' the
eye (see Figure 20). Brightness measurements :i.n the visible range
were made on one of the ~penetrant indications uwder the f'ollowing

lighting conditions:

Background

Visible Light A Ultraviolet Light
(Foot Candles)/i\ (Microwatts/cm2 )

Near Zero 1000 2000

3 1000 2000
6 1.000 2000

1.000 2000
20 1000 2000

_Includes the visible light frcom the
ultraviolet lump.
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The background visible light level was increased or decreased
by adding or removing lamps. The background light level was

measured with the Spectra Spot Meter in conjunction with a
magnesium oxide reflector plate. The ultraviolet lightI
intensity was varied by changing the distance between the
test specimen and the 100 watt mercury arc lamp. The

ultraviolet light intensity was measured with an Ultraviolet
Light Products Model J221 light meter. The Model J221
measures both the ultraviolet and infrared components of the
light emitted by the mercury arc lamp. The infrared component
was measured independently and was found to comprise approxi-

mately 5 percent of the total J221 reading at 15 inches from
a 100 watt mercury arc lamp.

The measurements of the indication brightness were made by
focusing the Spectra Spot Meter on a single indication. The
actual area measured was 1/60 inch in diameter and the penetrant
indication filled approximately 50% of the measured area. After
measuring the indication brightness, the field of view was moved

to an adjacent area away from any penetrant indication and the
brightness of the developer background was measured. From this
data, the ratio of indication brightness to background brightness
was calculated. Obviously, high brightness ratios are desired.

The test results are plotted in Figure 21 and photographically
demonstrated in Figures 22 and 23. It should be noted that, in
Figures 22 and 23, the lines are scratches on the negative and are
not penetrant indications. The importance of inspecting parts in
a relatively dark inspection booth (less than 3 foot candles) is
demonstrated. For a constant ultraviolet light intensity, the
brightness ratio is reduced from approximately 65 to approximately
2.5 when the visible light level is increased from nearly zero to

3 foot candles. The visible light level has a much greater effect
on the brightness ratio than does the ultraviolet light, level.
For example, at a constant visible light level of near zero
increasing the ultraviolet light level from 1,000 to 2,000 micro-
watts only increases the brightness ratio from 62.1 to 68.6.
However, at a constant 2,000 microwatts/cm2 of ultraviolet light,
decreasing the visible light level from 3 foot candles to nearly
zero causes the brightness ratio to go from 2.8 to 68.6.

After the above testing was performed, similar experiments
were conducted using a fatigue crack as a discontinuity. Magnaflux
ZL-2.. penetrant was again used and the specimen was dipped in the
penetr: t and allowed to drain in air for 10 minutes. Magnaflux

ZE-3 emulsifier was applied for 30 seconds and excess penetrant
was washed from the specimen using a Magnafltux P/N 3070 waber spray
nozzle. The water temperature was approximately 500F and the water
pressure was 30-)10 psi. The specimen was dried for 2 minutes at
175°0 F" in a circulating 'ir oven. Finally, Magnafluix ZP-9 nonaqueous
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Near Zero ft Candies 3 ft Candles

JPI.I

6 ft Candles 20 ft Candles

FIGURE 22 G7- 73

PENTRANT INDICATIONS UNDER VARIOUS LEVELS OF VISIBLE LIGHT

(Ultraviolet Light Level is 1000 Microwatts Per cm,2)I
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Near Zero ft Candles 3f ade

6 ft Candles 20 ft Candles

V., ~~~FIGURE 23 P401-3

PENETRANT INDICATIONS UNDER V/ARIOUS LEVELS OF VISIBLE LIGHT
(Ultraviolet Light Level is 1,000 Microwatts Per cm2 )
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TABLE 12
EFFECT OF REMOVER CONCENTRATION ON INDICATION BRIGHTNESS

Specimen Indication Brightness (foot-lamberts)
No. 0% 0.10% 0.29% 0.35% 1.07%

39 15.5 19.4 13.8 23.2 11.2

40 36.8 36.6 44.2 33.0 16.,
Gross Cracks 41 20.0 21.4 17.2 19.4 11.8

42 38.0 34.8 36.7 27.1 15.7

SC 29 10.4 8.2 8.9 13.6 4.3

SC 32 10.0 7.4 6.4 11.5 2.6

Small Cracks
SC 33 10.0 8.6 7.5 12.6 4.5

SC 34 14,0 11.8 10.9 14.3 3.9

17P1 5.8 4,2 5.1 2.5 4.6
Porosity

17P2 39.0 37.4 37.2 32.0 5.6

GP74 0i 7.-267

TABLE 13
EFFECT OF WASH TIME IN INDICATION BRIGHTNESS (FOOT-LAMBERTS)

Water Remover Wash Time (sec)
Penetrant Developer Pressure Concentration

(psi) (Vol %) 15 60 120 300

ZP-9 25 0.01 127 148 155 111

0.29 179 201 188 177

10 0.43 156 202 124 146

ZL-2A
35 1.07 76 70 67 63

ZP-4 25 0.29 78 90 63 55

ZP-13 25 0.29 39 43 42 36

ZP-13A 25 0.29 24 20 23 22

ZL-22A ZP-9 25 0.29 218 280 228 264
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TABLE 14
BRIGHTNESS MEASUREMENTS MADE ON FATIGUE CRACK

Ultraviolet Light Ambient Light Intensity
Intensity (foot candles)

(microwatts
per cm 2 ) 0 21/2 5

A 1.62 3,8 5.9

500 B 0.115 1,7 5.3
C 14.1 2.2 1.1

A 3.0 4,9 6.9

920 B 0.21 2.0 5,5
C 14.3 2.5 1.25

A 4.2 6,1 8.1
1300 B 0.30 2.1 5.6

C 14.4 1,9 1.4

A 11,2 12.1 13.2
3500 B 0.8 2.3 6.1

C 14,0 5,3 2.2

A 19.0 19.7 20.5

6450 B 1.15 2.5 6.5

C 16.5 7.9 3,1

A 20,0 21.8 23.5

7900 8 1,3 2.7 6.8

C 15.5 8.0 3.5

A - Brlghtntess of crack Indication In foot. Lanberts

B -. Brightness of background in foot candles

C Hatlo of indication brigitiness and backgroundt brightness
Gi-14-01 I 1 1 4
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wet developer was applied. After a 10 minute develol.enth time,
brightness measurements were made.

The Spectra Spot Meter was used to take the brightness
measurements at several ultraviolet and background visible light
values. The crack indication filled about 1/16 of the measured
area. For these tests, a sý igle brightness meas-urement was made
for each condition. The results are shown in Table 14 and
plotted in Figure 24. As before, the importance of low background
light levels iL deMonstrated. The data in Table 14 also
demonstrates that by increasing the amount of ultraviolet light
a greater amcount of ambient white light intensity can be tolerated
without any loss in b)rightness ratio.

J. Effect of Mechanical Processing Prior to Penetrant Inspection

Penetrant inspection can be an effective inspection method only
if: the discontinuities are open to thie surface so that penetrant
can enter the discontinuity, Any process which closes the disccntinuity
can destroy the reliability and resolution limit, of the subsequent
penetrant inspection; such "miLsked" discontinuities may go completely
undetected. Some mechanical processing operations performed prior to
pinetranL inspec'tion may mask disconinuities by causing surface
material to plastically deform, flow over and seal discontinuities.
Consequently, a progrua- was ,conducted to identify several of the
detrimental processes.

The mechanical processes investigated were glass bead peening,
grinding, face milling, rotary filing, disc sanding, and shoL peening.
The glass bead peerning was perforined using MIL-G-9954, Size 13 glass
beado. A niozzle pressure of 70 psi was used and earh specimen was
peened for 30 seconds.

Mhe grinding was performed on a production surface grinder. The
1 inch wide, 9 inch diameter silicon carbide grinding wheel was 60 grit
with J hardness. The work piece was flooded with Macco 472 coolant, (1
to 30 mixture). The test specimens were ground using a wheel speed of
approximately 4,200 surface feet per minute. Initially, three passes
were made to remove 0.0005 4.rich per pass mad, finally, several passes
were made to remove 0.0002 inch per pass such that a total of 0.003
inch was ground from the surface.

Face milling was performed with a 5 inch dismeter carbide insert
face mill. The cuts were made perpendicular to the cracks in the
specimens. Maccc )172 coolant was used at a mixture of 1 to 30.

Rotary filing was accomplished using a 3/)4 inch diameter x 1 inch
long high speed steel cutter at approximately 8000 rpm to remove
approximately 0.001 inch of material.
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The disc sanding was performed with 80 grit, 2 inch diameter
aluminum oxide sanding discs at 1200 to 1500 rpm.

Shot peenming was performed using No. 330 steel shot and a nozzle
pressure of 20 psi. Each specimen was shot peened for approximately

30 seconds.

The specimen types used to study each process are indicated
below.

Process Specimen Type Number of Specimens

Face Milling Gross cracks 7

Glass Bead Peening Gross cracks 7
Tight cracks 7

GrindingGross cracks

R~otary Filing Gross cracks 7

Disc Sanding Gross cracks 7

Shot Peeniing Gross cracks 7
Tight cracks 7

These crack types are the somne as those previously described in
Section 1-6.

The schematic shown in Figure 25 is representative of' the test
procedure used to investigate the effect of each process. The photo-
graphs of the penetrant indications were compared both before and after
the mechanical process. If the strength of the penetrant indicat-ions
were reduced by the particular mechanical proces's, the specimens were
pickled to remove surface metal and re-penetrant inspected. This was
repeated until the penetrant indications returned tu f0.l strength.

Aj
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Photograph Clean by

Photograph Pickle 
*

Penetrantt to Remnove
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FIGURE 25 GP74Ol011-3

REPRESENTATIVE TEST PROCEDURE
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Each penetrant inspection was performed using Tracer-Tech P-133
fluorpscent penetrant, equivalent in sensitivity to a MIL-I-25135,
Group V penetrant. The developer used Rs Tracer-Tech D499C nonaqueous

wet developer. Based on the previous program results, a penetrant
dwell time of 20 minutes was used and a developer dwell time of 15
minutes was used. The specimens were completely immersed in the
penetrant during the applicable penetrant dwell. Excess penetrant
was washed from the specimens using a Tri-Con 400501 water spray
nozzle; the wash water temperature was approximately 40 psi. Each
specimen was washed until the specimen surface was visually clean under
200 rnicrowatts/cm2 of ultraviolet light (approximately 3200 to 3800
Angstrom units in wavelength) which took approximately 15 seconds.
Next, the specimens were dried until visually dry (10-15 minutes)
in a circulating air oven at 1700 F. After the bleed-out time, the
penetrant indications were photographed using the following parameters:
approximately 1000 microwatts per cm2 of ultraviolet light, 25 second
exposure at f9, Royal Pan Film, Tiffen Yellow No. 2 filter.

The results of the investigatior. are tabulated in Table 15 and

demonstrated in Figures 26 and 27. As might be expected, the effect
of raechanical processing varied as a function of the process and crack
size. The most detrimental processes were glass bead and shot peening.
Nearly all the penetrant indications were obliterated by these two
processes. Face milling, grinding, and rotary filing were much less
severe; but, even so, the strength of the penetrant indications were
reduced. It should be kept in mind that these processes were used

only on gross cracks. Disc sanding had no effect on the gross cracks
(tight cracks were not used to evaluate disc sanding).

The test results also demonstrate that the detrimental effects of'
certain processes performed prior to penetrant inspection can be alleviated
by chemical etching. The amount of' material that need be removed by
etching varied from 0.0002 inch to more than 0.0017 inch, depending upon
the process (see Table 15). Based upon these results, product:ion parts
which have undergone processing such as grit blasting should be etched

prior to penetrant inspection.

TABLE 15
EFFECT OF MECHANICAL PROCESSING PRIOR TO PENETRANT INSPECTION

"" c lEtchircg Required to Restore Indications (in.)Mechaniical Process''
Gross Cracks Small Cracks

Disc Sanding No Effect

Fact Milling
Grinding 0.0002
Rotary Filing

Glas• Sead 0.0(07 A Mote thln 0.0012 A
Peen Iliq

Shot Peeniirg 0 0007 More than 0.00 17
, ,14 1Wt ;~

AL All llonottlarnt 1111IMA.llOrlS W,,i. totally 0l)liithlrtt~l
SMost+ pono~l~tfla t tildl(.atlons• we+I o ohlitltmahlm
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Initial After After
Indications Shot Peening Etching 0.0017

FIGURE 26 UP/4Qn11 lb

EFFECT OF MECHANICAL PROCESSING UPON PENETRANT INDICATION S
OF TIGHT CRACKS
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Initial After After
Indication Peeninig Etching 0.0007

Initial After After
Indication Grinding Etching 0.0002

FIGURE 27 *P14 01 1 134

EFFECT OF MECHANICAL PROCESSING UPON PENETRANT INDICATIONS

OF GOSS RACK
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Initial After After

Indication Milling Etching 0.0002

Initial After After

Indication Rotary Filing Etching 0.0002

P/U 0/1 1 13

FIGURE 27 (Continued)
EFFECT OF MECHANICAL PROCESSING UPON PENETRANT INDICATIONS

OF GROSS CRACKS
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k. Penetrant System Effectiveness

A summation of the overall relative effectiveness of the various

penetrant systems is presented in Table 16. The ranking of systems
io based upon the studies of penetrant bleed-out times, penetrant I
dwell times, emulsification times, developer effectiveness, and water
washing techniques discussed previously. These summaries are
predicted on the asE'umption that it is desirable to be able to detect
gross cracks, smaller cracks, and porosity in the same penetrant inspec-
tion. For example, if a MIL-I-25135, Gr<iup V sensitivity post-
emulsifiable penetrant was chosen for a i jpical production penetrant
inspection in which a variety of discontinuities has to be detected,
then, for the most effective inspection, either a nonaqueous wet or a
dry powder developer should be used, the penetrant dwell time
should be at least 20 minutes, and the penetrant bleed-out time should
be at least 5 minutes (see Table 16).

No effort was made during this investigative program to compare
the effectiveness of g post-emulsifiable penetrant system with that of
a water washable penetrant system and Table 16 should not be used to
this end. It was felt that in order to make a comparison, a large number
of systemns would have to be compared and this was outside the scope and
intent of the program.
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TABLE 16

RELATIVE EFFECTIVENESS OF PENETRANT SYSTEMS

High Sensitivity Water Washable System

Nonaqueous or Dry Developer
Penetrant Dwell Time = 10 min

Spray Washing •
Maximum Water Pressure
Between 40 and 60 psi
Maximum Water Temperature

Between 70 and 1000F
Immersion Washing

Maximum Water Temperature -

Between 70 and 100°F

Penetrant Bleed-Out Time - 5 min

No Developer
Second Best • Penetrant Dwell Time = 20 min

* Penetrant Bleed-Out Time - 1 min

Aqueous Developer
Third Best Penetrant Dwell Time - 20 mrin

* Penetrant Bleed-Out Time - 1 min

Post-Emulsifiable System

Nonaqueous or Dry Developer
Penetrant Dwell Time - 20 min
Emulsification Time "- Less than 3 min
Spray Washinig

Maximum Water Pressure I
Best 3etween 40 and 60 psi

Maximum Water Temperature -
Betweon 100 atid 145°F

Immersion Washing
Maximum Water Temperature

Between 100 atid 14560
' Penetrant Bleed-Out Time -5 mii

No Developer
Second Best ' Penotrant Dwell Time - 20 miin

Panetrant Bleed-Out Time - 1 min

Aqtueouo Developer
"Third Best ' Penetranit Dwell Time m 20 rain

* Penetrrait Bleeod Out Time - 1 min

'Si • ciflia illlll t imu to rac;(mmonl ed minimti m Ill tl i musl 01'14tl II 011I 1 1:1

6~3
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2. RADIOGRAPHIC METHOD

Two of the most important parameters in the radiographic method are the
choice of kilovoltage and beam spectrum. There is a wide range of kilo-
voltages that can be selected to yield the same apparent test sensitivity
when the image quality is evaluated by the use of penetrameters such as the

plaque type shown in MIL-STD-453. However, if the selected kilovoltage is
too high, the subject contrast may be so low as to render the test ineffec-
tive, even though the MIL-STD-453 penetrameter indicates that the quality
of the radiograph is acceptable. Consequently, data are necessary to aid in
the establishment of maximum acceptable kilovoltages as a function of
material thickness and subject contrast and definition quality.

A test program has been conducted to determine the kilovoltages required
to obtain varying levels of contrast sensitivity. The effect of beam
spectrum was investigated by using three types of X-ray machines (full wave

rectified, self-rectified, and constant potential) with varying inherent
filtration.

a. Fabrication of Step Wedges

Nine step wedges were fabricated from Ti-6Al-4V plate for use in the
program. The step wedges were designed to represent a 1/2%, 1%, and 2%
thickness change for a total thickness of .125, .50, 1.00, 2.00, Lnd
h.O0 inches. The configuration of these specimens is shown in FigLre 28.
As can be seen below, the effect of surface finish was also taken into
account.

Configuration Thickness Surface Finish

A 0.125 63 RMS
B 0.25 125 RIMe
B 0.50 63 RMvS
B 0.50 125 f4MS
B 1.O0 63 RMS
13 1.00 125 RMS
B 2.00 63 BIms
13 2.00 125 RNA
C .0o* 63 R1"

• Two inch specimen used with a 2 inch thick shim.

The thickness changes of' 1/2%, 1%, and 2% were chosen because con-
trast sensitivitleu of 1% and 2% are common~y used in rad(ographic
inspection ol' airframe components. A 1/2% thickness change was included
to determine ii' a greater than normal contrast sensitivity could be
achieved. The width of' the step wedges was chosen to reduce the e'ffect
of undercutting at the edges during the exposures. A density gradient
across the steps eou.Ld occur on the filim it' the step wedge 111(Jth was Loo
smal L.
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pSurfaces to be
0.001 1-0 Parallel within

Typ Typ0,001 inch

T63 rms (Typ)

n. 125

9.0-32 rms or 4.0

Better

Configuration A

T

63 rms 0.60, 1,00, 2.00

125 rms 0,50, 1,00, 2.00

Q.98T 0.99T 0.995T T

Better

Configuration B

0.02 2.0

U.04 0,02 Typ '

2.0

"1 - 8.0-32 rms or 4.0

Better

Notec Each stop mult be paratlel Ito the

other itep$ within 0.OOO Inch. Configuration C

FIGURE 28
RADIOGRAPHIC TEST SPECIMENS
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The step wedges were machined in a lathe. The wedges were rotated

in a slow rate and the cutting tool was held stationary. Initially,
the work was attempted on a milling machine but the cutting tool was
dulled by the back tracking of the tool over the surface to be cut •••

iausing the step to be out of tolerance in terms of surface finish. I
b. Testing ii

The 9 step wedges were set up for each exposure on the film cas-
sette as shown in Figure 29. A plumb line was used to locate the focal
spot directly over the center of the set-up. Cardboard cassettes were
used for exposures made at voltages over 50 KV and blackened exposed
film was used as film cassettes for those exposures made at voltages of
50 KV and lower. Blackened exposed film was used below 50 KV because
previous experience has indicated that mottling of the image can occur
at these voltages when paper or cardboard cassettes are used. A lead
sheet, 1/8 inch thick, was used to back up the film cassette. Gevaert
D7 (ASTM Class II) film was used for all the exposures. Since it is
known that the intensity of the X-ray beam varies from one side of the
beam cone to the other, the heel side of the beam cone was positioned
the same for each exposure. Lead screens were used, depending upon the
voltage, as described below:

Front Screen Back Screen
KV Thickness (Inches) Thickness (Inches)

Up to 100 KV None 0.010
100 KV to 200 KV 0.005 0.010
200KKV to 300 KV 0.010 00010
300 KV and greater 0.010 0.020

These screen combinations are typical for a production radiographic

inspection. Prior to exposure, titanium 2% penetramneters (MIL-STD-1153)
were placed on each step of the test specimens (Figure 30). A focal
spot-to-film distance of 72 inches was used for each exposure. This
resulted in a geometric unsharpness of .00.• inch or less for all the
radiographs except at the 4 inch step wedge for exposures made with the

Isovolt 400 where the geometric unsharpness is .0088 inch. Exposures
were made using the kilovoltage/milliamp-minute combinations shown in
Table 17. Exposures of 16 and 64 milliamp-minutes were chosen in
order to yield a sufficient number of section thicknesses -ith film den-
sity between 0.5 and 3.5 H&D for evaluation. For the lower kilovolt-
ages, longer exposures (96 and 240 milliamp-minutes) were also investi-
gated to help determine if the increase in contrast warrants the longer
exposure times and to determine the upper titanium thickness limits
which exist for each kilovoltage. To ensure reproducibility, the 'losen
exposure time was never less than I minute. One minute exposures com-
pensated for transient. line voltage fluctuations as well as variations
in the rate of increase of the X-ray beam to full power from one expo-
sure to the next. Each exposed film was processed auilomatically in a
Kodak Model 13 X-OMAT using (evaert G135N developer and G3314N fixer.
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Heel of X-Ray Beam Here

T 0.25 in. T =0.50 in. T -~0.50 in.
125 rms 63 rms 125 rms

T =1,00 in. T =2.00 in. T 2.00 in. T =1.00 in.
125 rms 125 ins 63 rms 63 rms

T =4.00 in.
63 rms

T0.125 in.

63 rms

14 x 17 in. Govaurt D7 Film (A3TM Class 1.1) I1O713

FIGURE 29

TEST SPECIMEN ARRANGEMENT
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TABLE 17
EXPOSURE CONDITIONS

G.E. OX 140 Phillips PG-300
(Full Wave Rectified) (Self Rectified Siefert Isovolt 400
2.5 mm Focal Spot) 2.3 mm Focal Spot) (Constant Potential
Inherent Filtration liherent Filtration - 0.3 mm 4.0 mm Focal Spot)

Pyrex Plus Oil Cu Plus 3 mm Al Inherent Filtration
(Equivailent to 0.06 mm Cu) (Equivalent to 0,4 mm Cu) 4.5 mm Cu

KV A Time MAIM~ fKVP MA '%'me___KV MA Tione A

30 10 1 min 36sec 16, 70 3 5 min 18 sec 16 )100 z, 8 5 mir 40
30 10 6 min 24sec 6( 70 3 21 min 18isec 64 i10o• 8 12 min 96
40,L 10 25 min 250 90 3 5 min 18 sec 16 1l(0,L 8 30 mir 240
50 10 1 min 3C,,sec 16 90 3 21 mrin 18 sec 64 120 8 2 min 16
50 10 6 min 24 see 64 140 4 4 mrin 16 '120 8 8 mrin 64
70 10 1 rain 320,ec sv " 140 4 16min 64 140 8 2 min 16
7n 10 6 mrin 24 v"c 64 160 4 4 miin 16 140 8 8 miin 64
1OOz, 3 1 min 3 160 4 16rmin 64 160 S 2 min 16
100 8 2 mrin 16 180 4 4 rain 16 160 8 8 miin 64
100 8 8 min 64 180 4 16 min 64 180 8 2 min 16

120o1 1 45 sec 3/4 200 4 4 mrin 16 180 8 8 mrin 64
120 5 3 min 12 sec 16 200 4 16 mrin 64 200 10 1 rmii 36 woc 16
120 5 12 mrl 119 Sec 64 250 4 4 rill 16 200 10 6 min 24 ,,sec 64

1+ 250 4 16 min 64 250 10 1 min 36 mc 16

LtBoth 04 arid 07 Minm k,.,L u'l,. 250 10 6 mini 24 s;ec 64
300 10 1 mrin 36 scs 16
300 10 6 min 24 smw 64
350 10 1 miri 36 sec 16

350 10 6 mrin 24 sec 641
380 8 2 min 16

380 8 8 mill 64
Ul-14.0111 I",'
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FIGURE 30
STEP WEDGES WITH MIL-STD-453 PENETRAMETERS
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In order to determine the effect of kilovoltage on contrast sensi-
tivity, the density data for a particular thickness change were normal-
ized to an overall film density of 2.00 by using the characteristic
curve to arrive at the log relative exposure (LRE). A film density of
approximately 2.00 H&D is usually used in industrial radiography since
the X-rsy film characteristic curves are linear in this density range
and the film behavior is quite predictable. Also, X-ray film illumi-
nators have sufficient intensity such that viewing of films with
density of approximately 1.0 to 3.0 H&D can be accomplished.

The LRE for each film density was determined from the characteris-
tic film curve and the difference in LRE for various .thickness changes
were calculated. By applying this difference in LRE to the LiE for a
2.0 H&D density, the LRE differences are normalized and the true
exposure change and/or contrast can be determined. Thus it was not
necessary for each film to have the same nominal density in order to
make comparisons.

An example of the use of log relative exposure is shown in Figure
31. For this hypothetical example, the difference in the log relative
exposure was .021 for 160 KV and .025 for 120 KV. Since the dif-
ference in log relative exposure is greater for the lower kilovoltage,
it could be concluded from this data that greater subject contrast was
attained with the lower kilovoltage. The data, however, did seem to

substantiate the use of lower kilovoltage/higher contrast techniques.
Table 16 is a list of penetrameter contrast and the minimum detect-

l Je hole size for that penetrameter for all data points falling in a
film density range of 1.5 to 2.5 H&D. No differentiation was made
between instruments or specimen surface finish as in the collection of
these data points, It can be seen that

(1) In general, as the kilovoltage becomes lower for a given
thickness, the hole resolution increases and the contrast is
increased.

(2) It is far easier to achieve a 2-IT image quality in large

section thicknesses and therefore the penetrameter's role as an
image quality indicator diminishes.

(3) Data of this type could be used to plot IT or PI or h•
resolution ao a function of' KlJ.ovoltage and sectLon thicknesti.

(4) Apparent di fferences in penetrameter thicknenses or mater.i~al.
types exist. As an example, the hole resolution for .50 inich
thick sections wao a! expected for the 100, 120, and 1i40

kilovoltage exposures but wLu not as expucted at the 1.60 kilo-
voltage. '].'hit, could be explained by an inadvertent exchange of
one penctraxneter with another - each having the namie iclent[fien--
'Lion as to type and materiL.at
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TABLE 18
CONTRAST AND RESOLUTION AS A FUNCTION OF

KILOVOLTAGE AND THICKNESS

"Kilovoite- Thickness (in.)
0.12 0.25 0.50 1.0 2.0 4.0

1/0.08
70 1/0.11 1/0-10

1/0.10

90 2/0.06 2/0.05

2/0.06 '2/0.06 1/0.10
100 2/0.04 2/0.04 1/0.10

2/0.05

2/0.04 2/0.10
4/0.02 2/0.02

120 2/0.02
210.0_2/0.08

4/0.03 2/0.01/
140 4/0.02 2/0.07

_ _ _ ~2/0.04 _

160 2/0.04 1/0,08
2/0.04 1/0.14

2/0.09
180 2/0.03

2/0.04 •
2/0.02

200 2/0.012/0.04

250 1/010

300_1/0.08 1/0.10300 1/0.08

350 1/0.1,
380 __1/0.10

Code X/Y

X - Smallest penetrometer hole resolved.

Y - Difference In density between penetrometer and adjacent area. P
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2% Thickness Change

L VmStepBi 0.50

0.49 Step A 0

Density (H&D) Log Relative Change
Exposure (LRE) in

KV Stop A Stop StopA Step a LRE

160 0.87 0.83 1.489 1.468 0.021
120 2.66 2.51 2,052 2.027 0.025

0P74,0117 292B

FIGURE 31

LOG RELATIVE EXPOSURE USED TO EVALUATE THE DATA

72

I'/



Analysis of the actual data taken in the program indicated that the
data were inconclusive in terms of arriving at the relationship between
contrast and kilovoltage. The chosen thickness changes (1/2%, 1%, and
2%) were so small that the density differences were in the range of
scatter of the densitometer instrument measurements.

Although it was not known at the time of these tests, variations
in penetrameter thickness may have also contributed to the data scatter.

A small internal program has revealed a problem with using the
plaque-type penetrameter as an image quality indicator. It has been
found that there can be a significant effect of the difference in pene-
trameter thickness for MIL-STD-453 penetrameters. A titaniun wela
assembly was radiographed using a certain MIL-STD-453 penetrameter. It
was subsequently necessary to radiograph the part again and a second
MIL-STD-453 penetrameter was used. A difference was noted in the radio-
graphic quality of the two radiographs even though the exposure condi-
tions were the same,

In one radiograph the 1T hole was easily resolvab~p, however, in
the second radiograph the 1T hole was not detectable. In addition, the
penetrameter contrast was much lower in the second radiograph. Conse-
quently, the two penetrameters were exposed side-by-side simultaneously
on the same film so that the exposure conditions were identical and the
film densities were measured. These densities were as follows:

Minimum Density At Density Adjacent
Resolvable Penetrameter To Penetrameter
Hole (H&D) (H&D)

Penetrameter A IT 2.78 3.06
Penetrameter B 2T 3.10 3.12

Next, the thicknesses of the penetrameters were measured and found
to be .00'T and .0085 inch. The MIL-STD-453 thickness requirement for a
.37 penetrameter is 0063 to .0077 inch. It can be seen that one of the
penetrameters exceeds the MIL-STD-453 tolerances even though it was
marked by the manufacturers as conform•,g to MIL-STD-453. The penetrameter
which exceeded the tolerance requirement was close enough to the maximum
allowable thickness to suggest that the MIL-STD-453 thickness range may
resu].t in a density spread which is quite significant. It is possible
that the MIL-STD-453 tolerances are too large.

Based on these results, it would appear that MIL-STD-453 penetra-
meters do not provide for a consistent indication of the quality of a

particular radiograph with the present thickness tolerances. MIL-STD-
00453 presently requires that a minimum of .02 H&D density unitsbetween the penetrameter image and the image adjacent to the penetra-

meter be obtained for a 2-1T radiographic quality. Based on the
difficulties of measuring small density diffestnces and on the varia-
tion in penetrameter thicknesses, it is questioable if this is a
workable requirement no matter how desirabl-'.
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It is also posaible that tighter tolerances on material types might
have to be imposed since X-ray transmission/absorption varies directly
with both thickness and density.

It should also be noted that there are no penetrameters manufactured

for use with thicknesses less than 1/4 inch. Since the cu.rent 1/4 inch

penetrameter is inadequate for defining contrast or detail for thin sec-
tion thicknesses, special penetrameters would be of great use for thin
section radiography.

The test program highlighted some information which is of practical
use for industrial radiography. One such example concerns the output of
constant potential X-ray machines when compared to self-rectified and
full wave rectified X-ray machines. Based on the electrical circuitry,
the output from a constant potential circuit to that from a self-
rectified circuit is significantly higher.

Halmshaw indicates in "Physics of Industrial Radiology" that self-
rectified circuits emit X-rays with a maximum output at photon energies
corresponding to about 60% of the peak voltage applied to the tube and
constant potential circuits emit X-rays with a maximmnn output corres-
ponding to about 76% of the peak applied voltage. Thus it would appear
bhat the maximum emission from a self-rectified unit would be about 79%
as high as that from a constant potential unit. However, it was found
that, in practice, this relationship may be hidden because of factors
such as the effect of different target materials and different inherent
filtration due to tube windows, the cooling medium around the tube and
different ports. An example of this is Lihown in Table 19 where. for

several step wedges and kilovoltages, the resultant film density is
greater for the self-rectified X-ray machine than for the constant
potential X-ray machine under the same exposure conditions.

TABLE 19

COMPARISON OF FILM DENSITIES FOR EXPOSURES UNDER THE SAME

CONDITIONS WITH ISOVOLT 400 AND PG300 X-RAY MACHINES

Thickness Film Density
of Stip kV Exposure
Wedge (MAM) hovolt 400 PG300

(in.) (Constant Potential) (Self-Rectified)

1'.0 16 0.58 0.84

1/2 140 16 1.26 1.64
160 16 2.20 2.51

120 16 1.50 2.03
140 16 2.96 3.47

1/8 120 16 2.66 3.31
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The common practice today is to express the radiographic quality
level in terms of the visibility of a penetrameter image on the film and
in terms of the smallest visible penetrameter hole on the film. For
example, a 2-IT quality level indicater that a penetrameter whose maxi-
mum thickness is 2% of the test part thickness is visible on the film and
that the penetrameter hole with a diameter equal to the penetrameter
thickness is also visible on Une film. It is left up to the radiographic
interpreter to judge whether or not the penetrameter image and penetra-
meter hole is visible on the film and hence, the desirea quality level
has been achieved.

Sixteen radiographs of the step wedges were selected to measure the
variation i.l judgment from one inspector to another as to the smallest
discernible hole in a penetrameter image on a radiograph. One of the
observer's used was a laboratory technician whereas the remaining two
observers were production radiographic interpreters. All three people
have been qualified technically to Supplement A of SNT-TC-i.IA, Level II.
Each man was irstructed to record the smallest hole which he could see
in each penetrameter.

The radiographic films were viewed with an illuminator equipped with
a variable controlled light source capable of reading a film density up
to 3 .5. The illuminator had a minimum brightness capability of 30,000

candelas per square meter at the illuminator opal glass. For the actual
viewing of the films, the background illuminator adjacent to the illumri-
nator was approximately the same as the image on the film.

A total of 162 penetrameter imageu were examined by each man. Of
these, all 3 men recorded the same hole in 127 of the penetrameters.
The variation for the remaining 35 penetrameters is shown in Table 20

The data in Table 20 were examined to see if any individual consis-
tently interpreted the hole image more conservatively than others. It
was found that Inspector A, the laboratory technician, chose a hole
diameter larger than that chosen by the other two people h3% of the
time. These percentages were 29% and 3% for the other two people.

Since acuity is a relative phenomenon, there can be no judgements
as to who is right or who is wrong. However, the subject was presented
to illustrate one of the possible differences which can result in two
evaluations of the same material even with optimum technique conditions.

The variation shown in Table 20 has a particular significance when
it is considered that it is also a suggestion of the variation to be
expected when actual radiographs of production parts are interpreted.
One man could conceivably reject a condition where another man would
accept it purely on a difference in visual. a~uity and Judgement.

The data were examined to determnine if the smaller penetrameter holes
were visible more often if the surface finioh was 63 R,4, as compared to125 RMS. The data indicated that the surface finish was not a signifi-
cant factor for the two finishes evaluated.
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In conclusion, there are many radiographic factors which need to be
controlled for reproducible radiographs. If penetrameter contrast
measurements are to be used to properly control radiographic image con-
trast, tighter tolerances may be necessary on the penetrameter thickness.
Also, penetrameters for use with section thicknesses less than .?, inch
are needed for thin section radiography. Kilovoltage and beam spectrum
must also be controlled in order to control radiographic image contrast.

A choice of kilovoltage as a function of thickness can produce dif-
ferent results from one X-ray machine to another. For exanple, thc
actual potential across the electron emitter and target is not directly
meas;ured by the voltmeter on 1The machine. Voltmeter accuracy must be
checked ý n a periodic basis to ensure reproducibility. Also, variations
in inherent filtration between X-ray tubes should be taken into cor-
sideration. Fluctuations in line voltage due to plant workload can also
have an effect.

TABLE 20
VARIATION IN DETERMINATION IN RADIOGRAPHIC QUALITY Al

Smallest Detectable Hole Smallest Detectable Hole

Inspecto," Inspector Inspector Inspector Inspector Inspector
A B C A B C

1T 2T 1T 2T 1T 1T
4T 2T 2T 2T 4T 2r
4T 2T 2T 2T 4T 2T
11' 1T 2T 4T 2T 2T
2T 1T 1T 4T 21 2T
2T 2T 1 T 4T 2T 2Tr
21- 2T 1T 2T 41' ?T
2T 1T 1T 2T 4T 2T
2T 1T 1T 2T 4T 2T
2T 2T 1T 2T 4T 2T
2T 2T 1T 2T 4T 2T

2T 1T 1T 21. 4T 2T
2T 2T 1T 2T 4T 2T
2T 1'r 1T 2T 4T 4'1
2T 1T ' T 2T 1 1T
2T 1T 1T 2r 1T IT
2T 1T 2T 2T 1T 1T
2T 1T 2T

A The l inspectors detected h it ho 5ame 1o in 127 ponetrfi10ters.
71 14 01 1 1 il.
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3. ULTRASONIC METHOD m

Several ultrasonic inspection parameters were investigated during
the program. These include the effect of surface curvature, the detection
of discontinuities located near -the surface of the test article, and the
effect of variations in sound transmission characteristics of the reference
standard vs. those of the material to be tested. Also, an investigation
was made to improve ultrasonic inspection of titanium plate and thin
section machined parts.

L. Surface Curvature Compensation

Many Litanium die forgings which must be ultrasonically tested
possess curved surfaces. Also, round bars and billets are frequent.,ty
ultrasonic tested. However, if the commonly used flat surface
reference standards are used, compensation for the curved surface

must be necessary cr erroneous results may be obtained. Without
correction, a discontinuity in a production part may appear to be
smaller or larger than it actually is and a rejectable part may be
accepted or vice versa.

Consequently, a test programt has been undertaken to study the
effect of convex and concave sound entry surfaces.

STwenty-seven convex and +hirty concave ultrasoi.ic test specimens
have been fabricated to the ligure 32 and 33 configuration. Several
radii of curvature and metal travel distances were used. The convex
specimens were sectioned from round stock of the appropriate diameter
prior to machining. The concave specimens were sectioned from 3 inch
thick plate with the 3 inch specimen dimension parallel to the 3 inch
plate thickness. After the convex and concave specimens were machinell Ie
and, drilled, the hole depth, hole diameter, and metal travel were "measured to establish that they were within tolerance. The hole

orientation and location were measured on several selected specimens
to ensure that the drilling set-up had been correct. The flatness
of the hole bottom was checked optically.

A number of the larger diameter reference standards were fabricated

from aluminum. Testing was performed with these in order to deter-
mine if aluminum contour blocks can be used for inspecting titaniumi.

Obviously, fabricating a set of aluminuml contour surface reference
standards would be less expensive than fairicating titanium standardsdue to lower material cost and machining costs.

A photograph of several concave specimens is presented in Figure

Flat surface reference standards, fabricated from 2-1/8 inch
diameter Ti-6A1-4V bar, were used in conjunction with the curved
specimens to compare responses from the flat bottom hole (Figure 15).
This configuration was used to conform to the ASTM E127 configuration.

Prior to drilling the flat bottom holes to a depth of 0.5 + .050 inch,
the bar wa-s cut into several 7" long sections and the 2-1/8 irch
diameter faces were machined flat and to a 63 rnms or better finish.
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Flat Bottom Flt Bo ttm
Flat Bottom Hole No. 2 Hole No. 3

Hole No. 1 3 m

Top and I

Bottomt0.010 +R0 + .2o000Surface +

900 ±30' ~~~Parallel 9Q±30±O.2

TV r Within

_, - 1 .5 .. . . 1• .5 1 .5 - • -* - . 3 2 r in s

- 6.0- CL

Hole Bottom Must be Flat Within 0.001 in./1/8 In. and Located

Within 0.015 In. of Radial Axis

Radius, R A Hole No. 1 Hole No. 2 Hole No. 3
Material (Inches) (Inches) (± 0.001) (t 0.0005) (t 0.001)

0.5 0.5 5/64 3/64 1/8
0.5 0.75 5/64 3/64 1/8
1.0 0.5 E/64 3/64 -

1.0 0.75 5/64 3/64
Ti-6AI-4V 1.5 0.5 5/64 3/641.5 0,75 5/64 3/64

1.5 1.25 5/64 3/64
2.0 0.5 5/64 3/64 1/8
2.0 0,/5 5/64 3/64 1/8
2.0 2.25 5/64 3/64 1/8
2.0 0.5 5/64 3/64 -

2.0 2.5 5/64 3/64

2.5 0.5 5/64 3/64 -
2.5 1.00 5/64 3/64

2.5 1.5 5/64 3/64
2.5 2.5 5/64 3/64
2.5 4.0 5/64 3/64

2024 3.0 0.5 5/64 3/64 -
Aluminum 3.0 1.0 5/64 3/64

3.0 1.5 5/64 3/63
3.0 2.5 5/64 3/64
3.0 4.0 5/64 ý/64
4.0 0.5 5/64 3/64
4.0 1.0 5/54 3/64 -

4.0 1.5 5/64 3/64 -

4.0 2.5 5/64 3/64 -
4.0 4.0 5/64 3/64 -

FIGURE 32
CONVEX CURVATURE REFERENCE STANDARDS
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w•vol HoleMM Noww 3 ),T00

AFlat Bottom Flat Bottom
Flat Bottom Hole No. 2 Hole No, 3R

Hole No. 1 1t0.2
S/4

-Top and Bottom
°go+- 30 Surface Parallel 900° 30'

r Tvp r 1 Within 0.001 /
IrI

1.5 1.5 1.--32 rm1

6.0

Hole Bottom Must be Flat Within 0.001 In./1/8 In. and Located
Within 0.015 In. of Radial Axis

Material Radius, R A Hole No. 1 Hole No. 2 Hole No. 3

(Inches) (Inches) (+0.001) (+0.0005) (+0,001)

1/2 0.50 5/64 3/64 8/64

1/2 0.75 5/64 3/64 8/64
1 0.50 5/64 3/64 -

1 0.75 5/64 3/64 -

1 1.25 5/64 3/64 -

1-1/2 0.50 5/64 3/64
Ti-6Pl-4V 1-1/2 0.15 5/64 3/64 -

1-1/2 1.25 5/64 3/64 -

1-1/2 2.25 5/64 3/64 -

2 0.50 5/64 3/64 8/64

2 0.75 5/64 3/64 8/64

2 2.25 5/64 3/64 8/64

2 3.25 5/64 3/64 8/64

2 0.50 5/64 3/64 -

3/64 --

2 2.50 5/64 3/64 -•" 2.1/2 0.5 5/64 3/64 -

2-1/2 1.00 5/64 3/64 --

2-1/2 1.50 5/64 3/64 -

2-1/2 2.50 5/64 3/64

2-1/2 4.00 5/64 3/64 --

2024 3 0.50 5/64 3/64
Aluminum 3 1.00 5/64 3/64 -

3 1.50 5/64 3/64 -
3 2.50 5/64 3/64

3 4.00 5/64 3/64
4 0.50 5/64 3/64
4 1.00 5/64 3/64

4 1.50 5/64 3/64
4 2.50 5/64 3/64 ---

4 4.00 5/64 3/64 _ -

FIGURE 33
CONCAVE CURVATURE REFERENCE STANDARDS
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FIGURE 34
CONCAVE ULTRASONIC SPECIMENS
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63 rms or
I BetterPermanent

Identification

XX XXXMark

Metal
TravelFlat Bottom Hole

Material: Ti-6A1-4V G701 6

FIGURE 35
FLAT SURFACE REFERENCE STANDAHD
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In order to select pieces which were closely matched acoustically,

immersion straight beam through-transmission tests were performed

on each piece by sending the sound beam parallel to the 7 inch
axis. A 3/4 inch diameter, 5 MHz SlZ search unit was used as a
receiver. During these tests, it was noticed that, in some pieces,
the sound was attenuated more in one direction than in the other.
For the majority of the specimens, the difference w.;%s rn the order
of 2dB but, for a few, the difference was as much as 6&,J. This
difference in attenuation with direction may be due to such factors
as a preferential grain pattern and the prior working history of
the bar. This data serves to emphasize the sound transmission
differences that can occur between, say, the reference standard
and the part to be inspected during a normal production ultrasonic
inspection, and also between different sets of reference standards.
Obviously, correction for these differences is desirable.

The curved surface testing was performed using straight beam
immersion techniques. Initially, a flat surface reference standard
was placed in the water and the immersion search unit was adjusted
to a 3 inch water path. A 3 inch water path was selected because
it represents a common industry water path used for production
ultrasonic inspection. The choice of the 3 inch water path caused
all the testing to be performed in the near field. Testing was
performed with the reject control and the damping control off. Next,
the search unit was positioned and angulated to maximize the response
from the 3/64 diameter flat bottom hole in the flat surface standard
and the instrument gain was adjusted to bring the response from the
flat bottom hole to 80% of saturation. The dB setting at this point
was recorded. Then the search unit was positioned over a curved
surface specimen containing a 3/64 inch diameter flat bottom hole at
the same metal travel distance and the gain was changed in order to

bring the hole response to 80% of saturation. The dB required to
bring the response to 80% of saturation was recorded. From the data
recorded, the decibel difference between the responses and the response
ratio (flat surface/curved surface) were calculated.

The ultrasonic instruments and search units used for the investi-
gation are listed in Table 21.

The data developed during the above testing was given an adjust-
ment for any differences in sound transmission characteristics between

the titanium flat surface reference standard and the titanium curved
surface test specimens. These differences might result from differ-

h ences in grain structure, prior working history, surface finish, and
heat treatment. As shown in Figure 36, a piece was removed from
that concave specimen with a 2-inch radius and 3.25-inch metal travel.
The response from the flat bottom hole was maximized and adjusted to
80% of full. saturation. Next, the search unit was moved to the flat
surface reference standard with an identical metal travel and the
dB required to bring the reuiponse to 80% of full saturation was
measured. The dB difference between the two responses was measured
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TABLE 21
ULTRASONIC INSTRUMENTS AND TRANSDUCERS USED FOR

CURVED SURFACE STUDY

UltrasonicInstrument Transducer

3/4 in. Dia, 5 MHz, Aerotech a

1/2 in. Dia, 5 MHz, Aerotech a

1/2 in. Dia, 5 MHz, SIZ (S/N 18268)
Branson 600

3/4 in. Dia, 2-1/4 MHz, y (S/N 10595)

3/4 in. Dia, 5 MHz, SIL (S/N 21263)

3/4 in. Dia, 5 MHz, SIZ (S/N 21269)

1/2 in. Dia, 5 MHz, SIZ (S/N 18268)

Sperry UM-715 3/4 in. Dia, 5 MHz, SIZ (S/N 21269)

3/4 in. Dia, 5 MHL, SIL (S/N 21263)

GP 74-0117. 54

83

} ;I

83

14



Concave Specimens

63 rms or Better

63 rms or Better

5/64 in. Dia Flat
Bottom Hole TI

jIi,
I I 'I /64 in. Dia

I. Flat Bottom Hole

Convex Specimens

63 rms or Better

Sound ravel 63 rms or betterI

Sound Travel

(1' 74 0il11 2(10

FIGURE 36
TESTS TO ESTABLISH DIFFERENCE IN SOUND TRANSMISSION

CHARACTER ISTICS

84'4,1



to be 7 dB. Since all the concave specimens were fabricated from
one piece of 2 inch thick plate, the data for the concave specimens J
were corrected by 2.15 dB per inch of metal travel.

Correction for convex specimens were made by adjusting the back
reflection through a 6 inch long flat surface reference standard to
80% of full saturation and noting the dB required to bring the back
surface response in the convex specimen to 80% of full saturation
(see Figure 36). It was found that dB difference was so small that
data correction was unnecessary for the convex specimens.

The results of the testing are shown in Tables 22 and 23. The
general shapes of the plots of decibel difference as a function of
radius of curvature for concave and convex surfaces a~re shown in
Figure 37. It should be pointed out that decibel measurements were

made because of the difficulty in accurately measuring small ampli-

As can be seen from the test data, the response from the f'at
bottom hole was always less with a convex sound entry surface than

wiha flat sound entry surface; that is, the decibel dii'ferecne
wsalways positive. Consequently, during a normial prodiuction ultra-

sncinspection, a discontinuity will appear smaller than it actually
isdue to the influences of a convex sound entry surface. The data

presented indicates that the amnplitude of the response due to the
convex entry surface can be as small as 10% of the respon~se with aA
flat sound entry surface over a metal travel range of 1/2 to 3-1/4
inches.

It is significant that the decibel difference varies as a func-
tion of -'adius and metal travel for this implies that a total correc-
tion for curvature can only be made after the discontinuity is located.
Consequently, an ultrasonic inspection of a production part in the
areas with a curved surface of a particul1ar radius should be conducted
at a scanning gain high enough to ensure the detection of all disc~on-
tinuities at that radius regardless of their depth location. Then,
a second evaluation should be made using the appropriate scanning
gain corrections as a function of the metal travel to determine the
true size of the discontinuity.

The hole responses from specimens with concave sound entry surfaces

were sometimes less and greater than those specimens with flat entry

surfaces depending upon the concave radius and metal travel distance.

The sound beam converges after passing through the concave water/
metal interface. The maximum re,,ponse from a reference reflector
within the metal would occur a-' a metal travel equivalent to the
focal distance.

Typical variations in dec>Del difference as a function of search
unit are showni in Figure 38. Two ultrasonic instrument-. are allso
represented. The curves in Figure 38 were all for the response
from a --/64 inch diameter hole at a 3/A inch metal1 travel. As can
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TABLE 22

RESPONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE
RESPONSE (Ic) - TITANIUM SPECIMENS

Ultrasonic Instrument - Branson 600
Reflector - 3/64 In. Dia Flat Dottom Hole

3/4 In. Dia, 5MHz, Aerotech ct

Concave Convex

Metal Radius of If Metal Radius of IfTrave', Curvature I --I Travel Curvature I-I p

'A 13 4,-0 / 9 4.50
1 -3 0.70 1 8 2.50

1/2 -18 0.13 11/2 4 1.60

2 -2 0.80 2 3 1.40

1/2 1 A /2 9 2.80

1 12 4 1 13 4.50

11/2 3 1.40 1½ 11 3,50

2 -7 0.45 2 1 3.5G ,

1 18 8.00 1 - -

1%A 7 2.20 1% 15 5.50

1/2 11 3.50 11½ - -
2%A 21/I

2 7 2.20 2 - -

ZL Response from flst bottom hole could not be seperated l.om spurlous ;ndlcatlons.

G(jP74 0117 295

31II
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TABLE 22 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE

RESPONSE (I0) -TITANIUM SPECIMENS
1/2 In. Dia, 5MHz, Aerotech a

Concave Convex

Metal Radius of If- If Metal Radius of If c If
Travel Curvature Travel Curvature

(in.) (in.) (dB) ic (in.) (in.) (dB) Ic

'A 15 5.50 1/2 17 7.00

1 3 1.40 'A 1 10 3.20
11/2 -6 0.50 1 1/2 7 2.20

2 -2 0.80 2 5 1.80
,/2 21 11.00
1 13 4.50 1 15 5.50

1 '/2 8 2.50 1 '/ 12 4.00

2 2 1.25 2 10 3.20

1 15 5.50 11¼1/ 11¼
11/2 11 3.50 11'/2 16 6.30

1'/2 17 7.00 12 /221/ 2¼/
2 13 4.50 2

Response from flat bottom hole could not be separated from spurious signals.

Gir74 011 1•294
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TABLE 22 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE

RESPONSE (1c) - TITANIUM SPECIMENS

1/2 In, Dia 5MHz Lead Zirconate Titanate Search Unit (S/N 18268)

Concave Convex

Radius Radius
Travel of IFIC IF/IC Travel of IF-IC I/IC
Trave Curvature (dW) (rav) Curvature 'dB)( .) (in.) (in.)

1/2 10 3.2 1/2 13 4.5
1/2 1 2 1.25 1/2 1 9 2.8

1-1/2 -10 0.32 1-1/2 6 2.0
2 -4 3.63 2 4 1.6

1/2 A A1 1/2 15 5.5
3/4 1 10 3.2 112 1 13 4.5

1-1/2 1 1J1 1.1/2 9 2.8
2 -6 0.5 2 7 2.2

1-1/4 1 16 6.3 1.1/4 1-1/2 14 5.0
1-1/2 8 2.5

2.1/4 1-1/2 12 4.0
2 8 2.5

Response from flat bottom hole couild not bIe saparaced from spurlous Indications

3/4 In. Dia 2-1/4 MHz Ceramic Search Unit (S/N 10595)

Concave Convex

Metal Radius of IF-Ir Meta' Raditis of IFIC
Travel Curvature (dB) IF/IC Travel|1 Curvatu.e (dB) IF/IC

(in.) (in.) (in.) (in.)

1/2 9 2.80 1/2 7 2.20

1 2 0.80 1 3 1.40
1/2 11/2 -8 0.40 / 1-1/2 6 2.00

2 -5 0.56 2 6 2.00

1,2 /iL A 1/2 /1 A
1 4 1.60 1 8 2.503/4 3/4
1-1/2 0 1.00 1-1/2 9 2.80

2 5 0.56 2 7 2.20

1 11 3.5 0 1-1/2 12 4.00
2 1-1/2 3 1.4

Nobtes. iP/4 o I1 7 289

IF F lit stiur;1i.c risiiwj)() l S

I C Curved %wi fa, v ,,,Oli

A Resporse frorm flint Ith.I ooIhT lih! Amitld l otI I t atwh! f01i.ifItI tro... srntan otus InntltfidIwtiom

.
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TABLE 22 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE

RESPONSE (IC) - TITANIUM SPECIMENS
3/4 In. Dia 5MHz LiSO 4 Search Unit (S/N 21263)

Concave Convex

Metal Radius of F.,C Metal Radius of
Travel Curvature "F • IF/IC Travel Curvature IF/IC

(in.) (in.) (dB) (in.) (in.) (d )

1/2 5 1.80 1/2 7 2.2

1 --5 0.56 1 t 2.21/2 1/2 '

1'1/2 -16 0.16 1-1/2 5 1.8
2 -10 0.32 2 4 1.6

1/2 1/2 L11-\
1 7 2,20 1 8 2.5

3/4 3/4
1-1/2 2 1.25 1-1/2 9 2.8

2 -6 0.50 2 5 1.8

Notes; ;,lG14 M11 1 2116

IF - F at surface response

IC - Curved surface response

A\ Muspaonse from flat botton hole could not be weparated fro-, 't-urious Indications

3/4 In. Dia 5MHz Lead Zirconate Titanate Search Unit (S/N 21269)

Conccve Convex

Metal Radius of IC Metal Radius of iC
Travel Curvature F IF/IC Travel Curvature IF/IC

(in.) (in.) (dB) (in,) (in.) (dB)

1/2 8 2.50 1/2 9 2.80

1 -1.5 0.85 1 8 2.50l
1/2 1/21.1/2 -16 0.14 1.1/2 4.5 1.70

2 -15 0.18 2 4 1.60
1,/2 /\1/2 1 8800

314 1 15 5.60 1 10 3.20
13/43/4 .

S1-1/2 2 1.30 1.1/2 11 3.50
2 -5 0.56 2 8 2.50

1- 1 20 10.00 1-1/4 1.1/2 19.5 9.50
1.t/2 11 3.50

21/4 1-1/2 12 4.00
2 0 1.00

3-1/4 2 7.5 2.40

Notes

IFF lilt stlwo. I,,'0rSpnnis
I C Curvold sI,

1
r fm:t rullsp,|olse,

A iles|orIso fr~ll,, to 1 f lilt (ot1o 1 tom i1la itotld no ,I h lo1)1r10tudt fr tom S It1io%1 1 4 it t oC t s11(15
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TABLE 22 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE

RESPONSE (ic) - TITANIUM SPECIMENS
Ultrasonic Instrument -Sperry UM-715

Reflector - 3/64 In. Dia Flat Bottom Hole
1/2 In. Dia, 5MHz, SIZ (S/N 18268)

Concave Convex

Metal Rodius I f Metal Radius If
Travel of - Travel of If-

Curvature (dB) Ic (in.) C'vature (dB) Ic
.(In.) (in.)

A 7 2.20 ½/2 11 3.50
1 -1 0.90 1 8 2.b0

1½ -9 0.35 11/ 5 1.80

2 -1 0.90 2 5 1.80

'A 23 10.40 'A 14 5.00
1 9 2.80 1 10 3.20

1V 1 1.10 11Z, 9 2.80
2 -5 0.56 2 6 2.00

1 15 5.60 1 - -

11/2 9 2.80 1 / 13 4.50

1½/ 10 3.20
2¼/

2 7 2.20

3% 2 6 2.00

(V1' 4 W I 1 2110

PI

9o
I
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TABLE 22 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE

RESPONSE (Ic) - TITANIUM SPECIMENS
3/4 In. Dia, 5MHz, SIZ (S/N 21269)

Concave Convex

Metal'Radius Radius•!TMeta•' l If. l f Metal Of • . If
Trve ýBfTravel

(in.) Curvature d Curvature (dB)(i. (in.) 7cIi:(jn) Cuvaur.)n. (in.) dB *

½v1/ 10 3.3 1/2 10 3.2

1 -3 0.7 1 6 2.0
1% -12 0.25 1 5 1.8

2 -7 0.45 2 3 1.4

A A16 6.3
1 9 2.8 1 12 4.0
1/k 2 1.25 11/ 12 4.0

2 -1 0.9 2 10 3.2

1 16 6.3 1 - -

1½/2 9 2.8 1% 16 6.3

1 '/2 18 8.0 12/1 - -2YA 21/
2 19 9.0 2 - -

3%l 2 9 2.0 - -

ARepons. from flat bottom hole could not be separated fro~m spurious Indications.

G1174 0117 10u

Ih

I
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TABLE 22 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE

RESPONSE (Ic) -TITANIUM SPECIMENS
3/4 In. Dia, 5MHz, SIL (S/N 21263)

Concave Convex

Metal Radius Radius
Triel of If- Ic If -fMe If

o- Travel - If a _.
(jo) Curvature (dB) I (i e) Curvature (dW) I(in.) (in.) C

Y.1 9 2.80 ½/2 7 2.2
1 -2 0.80 1 7 2.2
11/1 -13 I 0.22 1 1/ 5 I 1,8

2 -1 0.90 2 4 9. 16
'/2 l 1/2 82.

1 7 2.20 1 9 2.8
% I 3 1.40 % 1 1/2 8 2.6

2 -7 0.45 2 7 2.2

1 15is 5.60 1--
11½ 13 I4.50 1l/2 19 9.0

A Response from flat bottom hole could not he separated from spurlous silgnal.

(i P 14 011 I'Il

it
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TABLE 23
RESPONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE

RESPONSE (1c) - ALUMINUM SPECIMENS
Ultrasonic Instrument- Branson 600

Reflector - 3/64 In. Dia Flat Bottom Hole
3/4 In. Dia, 5MHz, SI L (S/N 21263)

Concave Convex

Metal Radius RadiusyMtrael Of If - Ic If Metal of If-I
Travel - Travel of 1f c -[Curvature (dB) I• ( Curvature (dB)(in.) (i .

(in.) (in.)

-11 0.28 2 7 2.2
2%/2 -8 0.40 21/2 5 1.8
3 -7 0.45 3 6 2.0

4 -3 0.70 4 3 1.4

2% 1 1.10 2% 11 3.5]
3 -4 0,61 1 3 10 3.2
4 -5 0,55 4 8 2.5

2% 6.5 2.10 2/ 11.5 3.7
11 3 5.5 1.90 1½ 3 11.5 3.7

4 -0.5 0.95 4 8.5 2.7

2 13 2 15 5.5
21/2 10 3.20 21/2 11 3.52% 2%3 10 3.20 3 11 3.5
4 7 2.20 4 10 3.3

2'ya 12 4.00 2% 12 4.0
4 3 10 3.20 4 3 12 4.0

4 10 3.20 4 11 3,5

OP74 0iI )1 297
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TABLE 23 iContinued)

RESrONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE
RESPONSE (1c) . ALUMINUM SPECIMENS

Ultrasonic Instrument - Branson 600
Reflector - 3/64 In. Dia Flat Bottom Hole

3/4 In. Dia, 5MHz, SIZ (S/N 21269)

Concave Convex

Metal Radius Metal Radius - Iof of If - I fTrve Travel

(in.) Curvature (dB) 10 (in.) Curvature (dB) ic(in.) (in.)

2 -10 0.32 2 5.5 1.90

212/ -8 0.40 2/2/ 4.5 1.70

3 -6 0.50 3 3.5 1.50
4 -3 0.70 4 3 1,40

2 Y -2.5 0.75 21/2 7.5 2.30
1 3 -6 0.50 1 3 6.5 2.10

4 -7 0.45 4 5 1.80

21/2 6 2.00 2/ 12 4.00
1%, 3 4 1.60 1 X2 3 11 3.50

4 -2.5 0.75 4 8 2.50

2 12.5 4.20 2 13.5 4.70

214 11.5 3.70 21/2 11.5 3.702I 2½X3 10 3.20 3 11 3.50

4 7.5 2.40 4 10.5 3.30

2%/2 12 4.00 21/2 13.5 4.70
3 11 3.50 4 3 11.5 3.70

4 10 3.20 4 11 3.50
GIP?4 0117 796
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TABLE 23 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE

RESPONSE (Ic) - ALUMINUM SPECIMENS
Ultrascnic Instrument- Branson 600

Reflector -3/64 In. Dia Flat Bottom Hole
1/2 In. Dia, 5MHz Aerotp.ch a

Concave Convex
Radius

Metal of If -c If Metal Radius of if - Ic If
Travel Curvature (dB) - Travel Curvature (dB)

(in.) Ic (in.) (in.) Ic(in.)
2 -7 0.45 2 7 2.20

2/ -5 0.56 2½/2 5 1.80
3 -4.5 0.60 3 4.5 1.70
4 -4 10.64 4 4 1.60

2/ -2 0.80 2½/2 11 3.50
1 3 -3 0.70 1 3 9 2.80

4 .-3 0.70 4 7.5 2.30

21/2 6 2.00 2½/ 9 2.8U
1 34 3 6 2,00 14/t 3 9,5 3.00

4 -1 0,90 4 7 2.20

2 13.5 4.70 2 12 4.00
212/ 9 2.80 2/ 11 3.50

2 3 9 2.80 2% 3 10 3.20

4 6 2.00 4 9 2.80

2½ 10 3.20 2 14 11 3.50
4 3 9 2.80 4 3 9 2.80

4 10 3.20 4 9 2.8r

CIP1401 I0 ? 203
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16-

121

Convi~x Radius - in.

16T- -_ _ _ _ _ _ _

12

-4-4

Concave Radius - in. C0714 011 1 302

FIGURE 37
TYPICAL CURVES FOR CONTOUR SURFACE EFFECT
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3/4 in., 5MHz, Q

1/2 in., 5MHz, O
K 3/4 in., 5MHz,Si L

0) 12 0 3/41in, 5MHz, SIZ
* 3/4 in., 2-1/4MHi, Ceramic

Branson 600

-~SperryULM 71

C

C

0 1 2 3
Concave Padiuq in. GP74 0117 301

FIGURE 38
VARIATION IN dB DIFFERENCE AS A FUNCTION or SEARCH UNIT AND

ULTRASONIC INSTRUMENT (TITANIUM SPECIMENS - 3/64 IN. DIAMETER

FLAT BOTTOM HOLE - 3/4 IN. METAL TRAVEL)
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22

3/4 in., 5MHz, a
1/2 in., 5MHzo 0i

S3/4 in., 5MHz, SIL

20 - 3/4 in., 6MHz, SIZ
* 3/4 in., 2-1/4MHz, Ceramic

- Branson 600
-•Sperry UM 715

16-

F',

I: ~ 12

4

o 2 3

Convex Radius - in, GP1401?304

FIGURE 38 (Continued)

VARIATION IN dB DIFFERENCE AS A FUNCTION OF SEARCH UNIT AND
ULTRASONIC INSTRUMENT (TITANIUM SPECIMENS - 3/64 IN. DIAMETER

FLAT BOTTOM HOLE - 3/4 IN. METAL TRAVEL)
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be seen, the variation is quite large a't several of the radius values.
For example, there is an 8 dB difference in correction between the
1/2 inch diameter, 5 MHz, Alpha search unit and the 3/4 inch diameter,
5 MHz, SIL search unit for a convex radius of 1 inch. The variation
in slope as a function of search unit is probably due to beam
spread variations. The large variation in correction values for
contour surfaces as a function of search unit and ultrascnic instru-
ments suggests that development of correction curves may be diffi-
cult. It appears that a new set of correction curves would be required
for each selection of equipment. A more reasonable approach might be
the direct use of curved surface reference standards during the
actual ultrasonic inspection of production parts.

As mentioned previoisly, both aluminum and titanium convex and
concave blocks were fabjricated with a 2 inch radius of curvature
and a 1/2 inch metal travel. In order to study the feasibility of
using aluminum contour blocks in the ultrasonic inspection of titanium,
the following tests were performed. The titanium and aluminum con-
tour blocks, along with titanium and aluminum flat surface ASTM-type
reference standards, were placed in the immersion tank. All six
pieces contained a 3/64 inch diameter flat bottom hole at a i/2 inch
metal travel. In each of the six blocks, the hole response was
adjusted to 80 percent of saturation and the dB setting was recorded.

9i These tests were repeated for 4 search units. In all, cases, the
decibel difference between the aluminum flat slrface response and
the aluminum curved surface response was within 2 dB of the decibel
difference for titanium. These results indicate that the material
difference (aluminum versus titanium) does not affect the sound beam
refraction sufficiently to invalidate the use of aluminum standards
when inspecting titanium providing adjustment is made for surface
finish differences. Further, evidence to support this conclusion
can be derived from a theoretical plot of the focal distance as a
function of radius of curvature for concave surfaces in aluminum and
titanium (see Figure 39). There is little difference between the focal
distance for aluminum and titanium which indicates that the sound
beam is affected in essentially the same way by the concave surface
in both aluminum and titanium.

Typical curves for one search unit and radii from 1/2 to 4 inches
are shown in Figure 40. As can be seen, the effect of the concave
and convex surfaces are still quite evident at a radius of 4 inches.
Obviously, the radius of curvature at which correction is no longer
necessary is greater than 4 inches.

An examination of the data can be of use in designing a set of
contour surface reference standards for use in a production ultrasonic
inspection. It appears that it is not necessary to fabricate a set
which contains all the radii and metal travels which are to be encount.

ered. For example, with a 1/2, 5 MIvfz, Alpha search unit, there is
very little variation in dB difference for convex radii of 2-3.12, 3,

and 4 inches at a mete.l travel of 1/2 inch. Consequently, a conve-,
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entry surface reference standard with a 3 inch radius and 1/2 inch
metal -ravel could be used to inspect all radii from 2-1/2 to 4
inches c'f a 1/2 inch metal travel. Of particular interest, and
concern, are those combinations of concave radii and metal travels
which result in negative decibel differences. Here the differences
can change very rapidly with small \ariations in either radius or
metal travel. Differences between search units, even of similar
type, are likely to be large as well.

b. Near Sur:'ae(e Resolution

The resolution of discontinuities near the sound entry surface
is a factor that shou2d be considered during straight beam immersion
ultrasonic inspeition. Resolution is sometimes difficult or impos-
sible due to the magr~tude of the response from the water/mctal
interface. Variation of test parameters, such as test frequency, can
result in improved near surface resolution. (A high.ar frequency
results in a narrower water/metal interface spike on the cathode ray
tube (CRT)). Other considerations, howevei, must be taken into account.
For example, it may iot be possible to test through the entire thick-
ness of the part du. to increased attenuation. Also, surface finioh
and mill product form may have a significant effect on the problem

resolution capabi..ities of the straight beam immersion test, a program
was conducted to determine the effects of product form, surface finish,

and test frequency on near surface defect resolution.

(1) Specimen Fabrication

Ultrasonic test specimens were fabricated from 2 and 4 inch
thick as-rolled Ti-6A1-4V plate, 5 inch thick Ti-6A1-4V die forging,
The forged pieces were sawcut from a production die forging (see
Figure 41.). Several sections were sawcut from each as shown for
the plate in Figure 42. The as-received surfaces were kept intact
and ultrasonic specimen; were fabricated according to the Figure
43 configuration. The 3ound metal travel distances were as shown
in Table 24. Photographs of the specimens are shown in Figure 44.
After the testing was performed upon the as-received specimens,
the as-received surfaces werc machined to a 125 rms or better
finish on several of the specimens. Further testing was performed
to study the near surface resolution capability in final machined
parts.
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104



As-Received Surface

T ±0.010

L 900+ 1/20
0.75 r -

32 rms or Better

3/64 Dia Flat Bottom Hale - 5/64 Dia Flat Bottom Hole

2.00 V .- 4

6 3.0 -
Notes:

1. Hole dim tolerance Is t 0.0005 In..
2. Hole bottom must be flat withit. 0,001 in. par 1/8 in.
3, Hole must be straight and perpendicular to ontriv surface within 1/20 and

located within 0.010 in. of longitudinal axis

GPI74.01t7 283

r .U R E 4 ?
NEAR SURFACE RESOLUTION SPECIMEN CONFIGURATION
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TABLE 24
METAL TRAVELS USED FOR NEAR SURFACE RESOLUTION STUDY

Metal Travel (in.)
Product SpecimenForm No. As-Received^ Machine4Surface 21L Surface/3\

As-Roiled 1-4 3.35 3.31
4 in. Plate 2-4 2.00-

3.4 1.00
4-4 0.60 -

5-4 0.40 0.37

6-4 0.25 0.17

7-4 0.125 0.08

As-Rolled 1-2 1.25 1.19
2 In. Plate

2-2 1.00 -

3-2 0.50 0.49

4-2 0.40 0,38

5-2 0.25 0.20

6-2 0.125 0.11

As-Forged F-3-5 4.35 4.27
Die
Forged 2V12-F3.5 2.50 -

08-F-3-5 0.80 0.41

06-F-3-5 0.60 0.21

04-F-3-5 0.40 0.15

02.F-3-5 0.20 -

0125-F.3-5 0.125 0.10

Dimnentsionts are approximaetu. I
Both the soumid entry surface and tho suriace opposlte

tre Ii the at-receivud c:ondltlon, OI',4)1 l 3

b toth inirfA;e4ei were ne t:cinned.

1o6
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Prior to any testing, the vertical and horizontal linearity
of the systems were determined according to ASTM E317-68. The
upper linearity limit was greater than 95 percent of the vertical
limit, the lower linearity limit was less than 1.0 percent of the
vertical limit, and the horizontal linearity range woi; greater
than 85 percent of the horizontal limit as bes-, b, -v measured
with the ASTM E317-68 method. The search unit ps 'ile data, obtained
upon purchase of the search unitý., were examined to confirm that the
peak radiated frequency was withir. + 1.0 percent of the specified
frequency.

The testing performed on the specimens from the 4 inch thick
plate was typical of the testing performed on the other pieces.
Initially, all seven of the 4 inch plate test specimens were
placed into the iismersion tank. The search unit was adjusted to
the chocen water path and angulated to maximize the response from
the 3/614 inch diameter flat bottom hole. A 3 inch water rath
was used for the majority of the testing since this is commonly
used in industry. A 9 inch water path was also investigated in
order to see if the near surface resolution could be improved by
testing the holes outside the near field of the nound boeam. The
testing was performed using the distance - amplitude correction
(DAC) curve method which is often used in the ultrasonic inspec-
tion of airframe components. The test specimen is the set of
seven which exhibited the maximum response was se. ectod. The

response from that hole was mtadjusted to 80% of saturatiuo'. Then,
without; changing tile ga:in, the search uilit was moved to each of
the other specimens and the near surface resolution was determined
by noting the minimum distancc between the sound entry .urface
and the flat bottom hole that produced a first-echo indication
whose leading edge met the horizontal ;iweep line. The aumplJtude
of the response at each metal travel was also recorded. It 11;
recognized that, In actual practLice, that first echo indications I
can sometimes be resolved even if' they do not meet the horizontal
sweep line. However, in order to perform a reproducible test.,
the designated convention was chosen.

The testing was then repeated using a 5/6h inch diometer
flat bottom hole in each specimen.

The near "ourflAce resolution] eapalbi].ity u:; a ftunction 01,.•

product form, instrument, and isearch un it is suniariyzed in Tab] uc
25 and 26. For these test purpos'es, the near 1, ;Lrface resolutll ionl
must be expressed as a range since the llmetall travel:; investigated
were varied in only a few increments. For exauple, u near siurfaco
resolution of .i25 to .25 inch would re.;',it from a test where
the flat bottom hole was resolvable at .25 inch but not at .1.25
inch.

An examinaLion of the data presenLted ill Table:; ,.•2 and ;216 rIv'vtLi:
several important point:;. In :several ea:ses, the ni(SII' icurf,.aC,- 1'r'eo-
lution was improved by lengthenmIng the Water path fProm 3 ii les to

9 inches when testing with the 3/4 irich d Iamfe t,7 , 5 Mhz V1! :teVarch

unit. h'lh- hole was .locut,ed in the f'ar f c'.] 1 o1 theI sound bI ,:u1 wi tiI
a 9 .icnh water path, and, presuina.ly y, thhii iml"pruw!d the nuar cur-

face reo,).lution capabil.ty :since t~hu :'omuin. bh:u is:i more colhlrent
and inter'ference-fruee in tie far P1v.1.

109

- .. . . . . . . .. . . . . . . . . . . . .



TABLE 25
NEAR SURFACE RESOLUTION OF AS-RECEIVED SPECIMENS (3/64
INCH DIA FLAT BOTTOM HOLE RESPONSE)

Branson 600 Sperry UM-71 5

Product Form 3/4 in., 5 MHz, 3/4 In., 5 MHz, 1/2 in., 10 MHz, 3/8 in., 15 MHz 3/4 in., 5 MHz,
SIZ, (3 in. SIZ, (9 In. SIZ, (9 in. SoL, (3 in. SIL, (3 in.

Water Path) Water Path) Water Path) Water Path) Water Path)

4 in. Plate 0.25to0.40 0•.125to0.25 0.125to0.25 0.125 t, 0.25 0.25 to 0.40
A A

2in. Plate 0.25to0.40 0.25to0.40 0.125to0.25 0.125to0.25 0.25to0.40

Die Forging 0.20 to 0.40 0.20 to 0.40 0.125 to 0,20 Less than 0.20 to 0.40

_ _ _ A /A l 0.125 L

A Response trom largest metal travel was leis than 10% of saturation

TABLE 26
NEAR SURFACE RESOLUTION OF AS-RECEIVED SPECIMENS (5/64
INCH DIA FLAT BOTTOM HOLE RESPONSE)

Branson 600 Sperry UM-715

Product Form 3/4 in., 5 Mliz, 3/4 in., 5MHz, 1/2'in., 10MHz, 3/8 in. 15 MHz 3/4 In., 6 MHz,
SIZ, (3 in. SIZ, (9 in, SIZ, (9 in. SIL (3 in. SIL, (3 in.

Water Path) Water Path) Water Path) Water Path) Water Path)

4 in. Plate 0.25 to 0.40 0.125 to 0.25 0.125 to 0,25 Less than 0.125 to 0.25

AA0.125
2 In. Plate 0.25 to C0,6 0.125 to 0.25 0.125 to 0.25 Less than 0.125 to 0.25

0.125

Die Forging 0.20 to 0.40 0.20 to 0.40 0.125 to 0.20 Loss than 0.20 to 0.40

____ A A0,125A
A Response, from larUgst metal travel wils loss than 10% r'f saturation

tP04.Ot til
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As might be CX at.d 1~e use' of highe!r te,.t frt?, cen icýS
also improve(. the niEaz1r sar-,'ace res-olution capability since theý
water/metal interface spike i,, nui-±rowed with higher freucencies.

of full saturation. This would indicate that if', during a normal
inspection, -the scanning gain is established by adjusting, the
response from thQ flat bot"tom hole exhibiting theQ ma1Xi.Mw response
tc 80% full saturati'n, it would niot be possible to detect the
same size defects throughout the full thickness of' the pari±. This
situation was found t-) occur in both the die forgting and h inch
thick plate. In order to properly test these pleces for defect,"
using the above mentioned techniques, either a ,;econd inipection
would have to be performed frc-ri the opposite side' Or- scanning, from
one side would have to be performed at two scanning gains with
metal travel overlap. Typical CRT2 photographs demonstrating the
abovu effects are shown in Figiure 145. Here it can be seen that the
hole is resolvable at .)40 inch but not at P 5 inch and that it is
niot possible to tc ;t through the material in this ease.

MvIL-I-895013, "Inspection, Ultrarsonic, Wrought, Metals;, IPruces;,,
For'', spec ifies that the necar surface resolution capabaility must, bo
10 percent of' the thicknesou or 0.125 inches, whichever is1 greater.

Consequently, a near surface resolution capability of' 0.4 inch, 0.2'
inch, and 0.5 inch is required for the 14 inich, 2? inch, and 5inch
thick material tested under this program. From the data in Tub~les
25 wid P6, it can be seen that this capability can be mort for Uhu

14inch thick plate arid 5 lnc-;hi thick die forging,. However , it was;
niot possible to meet this requirement for- the 2 inch thick platc
wheni using the 5 M11Z test frequency.

(3) Testing of Machined Material

After testing the pieces in the as-rolled and as,-forged coiidi-
tion, the as-received surfaces were, machined to it c125 rim.; oi, better
finish, leaving them with the metal travels shown ini Tab-le 24
These specimens were then tested using h4 separate flat tran'sducers.
These were: (1) 3/14 inich, 5 MHz, S)IL; (2) 1/2 inchl, 5 M11z,
(3) 3/8 inch, 15 M1[z, SIL; and (h) 3/14 inch, 5 Mhzv, SUL. The
water- path wit., 3 inches in all cases. Again, the Bramt)o 600 %nd
Sperry UM-'(].5) ultrasonic instruments were uoed.

Tphe tesLt nrocedure was identical to that used for the asý-

received material. Followiing those tests, a second series, of'tst
was performed in which the gain was established by adljustinfg thu
minimum resns f rom e)ori ach set of specimens to (30 jpereen't of'
saturation. T]his method Is altso commonly used in industry f'or
ultrasonic ins pe(ctiori.
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The near surface resolution capability as a function of
product form, instrument, and search unit i½ summarized in Tables
27 and 28.

An examination of the data, indicates that the near surface
resolution was again improved by increasing the test frequency.
For example, with Test A. the near surface resolution in 4 inch
plate was .17 to .37 inches with the 3/4 inch, 5 MHz, SIZ search
unit but was .08 to .17 inches with the 3/8 inch, 15 MHz, SIL.

As in the case of the as-received material tests, there were
several instances where, during Tests B, the hole response at the
largest metal travel was less than 10 percent of saturation.
Hence, it would not be possible to inspect through the total thick-
ness of the 4 inch plate and 5 inch die forging under" those con-
ditions. It should be noted that by choosing the lower frequency
(3/4 inch, 5 MHz, SIZ) it was possible to test through the total
thickness of the material at the expense of reducing the near
surface resolution capability.

It is interesting to compare the results from the two test
methods. Obviously, using Test Method A, where the minimum reponse
is adjusted to 80 percent of saturation, there is no difficulty
in testing through the total thickness as was the case several
times when testing with Test Method B. It might be thought that
the near surface resolution would be less with Test Method A since
the higher scan gain required, compared with Test Method B, would
tend to broaden the water/metal interface response. It was found
that in most cases, however, that the near surface resolution
capability of Test Method A was not less than that of Test Method
B. Only in one case, in fact, was it less; that being for the 3/8
inch, 15 MHz, SIL search unit. It would seem from these results,that, if it were imperative to inspect material from ore side only,

it could be done so using Test Method A without any effect upon
the near surface resolution capability. However, the increased
ultrasonic noise level may at least partially offset the gains
obtained by inspecting at higher sensitivity.

A comparison of the near surface resolution data for the as-
received material anf the machined material was made. In a few
cases, the near surface resolution was improved after machining.
For exan-ple, for a 3/4 inch, 5 MHz, SIZ search unit the 3/64 inch
diameter hole in the die forging was resolved at a metal travel
of .20 inch after machining, whereas it was not resolved when the
sound entry surface was in the as-forged condition. Improvement
was made due to machining in the following cases:

(a) die forging - 3/h inch, 5 MHz, SIZ with Branson 600

(b) die forging - 3/4 inch, 5 MHz, SIL with Sperry I TM- 15
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TABLE 27

NEAR SURFACE RESOLUTION OF MACHINED SPECIMENS
(3/64 In. Dia meter Flat Bottom Hole Response)

Li\Tc. A

Product Form Branson 600 Sperry UM-715

3/4 in., 5 MHz 12i in., 5 MHz 3/8 in., 15 MHz 3/4 in., 5 MHz
SIZ SIL SII

4 in. Plate 0.17 to 0.37 0.08 to 0.17 0.08 to 0.17 0.17 to 0.37

2 in. Plate 0.10 to 0.20 0.10 to 0.20 0.10 to 0.20 0.20 to 0.38

Die Forging 0.15 to 0.21 0.15 to 0.21 0.10 to 0.15 0.15 to 0.21

z,/ Test B _--

Product Form Branson 600 Sperry UM-715

3/4 in., 5 MHz 1/2 in., 5 MHz 3/8 in., 15 MHz 3/4 in., 5 MHz
SIZ SIL SIL

4 in. Plate 0.17 to 0.37 0.08 to 0.17 0.08 to 0.17 0.17 to 0.37

Z3 3

2 in. Plate 0.10 to 0.20 0.10 to 0.20 0.10 to 0.20 0.20 to 0.3O• I
Die Forging 0.15 to 0.21 0.15 (a 0.21 0.15 to 0.21 0.15 to 0.21

Test A was performed by settlng the minimum response to 80% of saturaton.

Test 8 was performed by adjusting the maximum response to 80% of saturation. t)

Resporse from hirgest metal travel was less than 10% of saturation.

•3P7 Ul1 tO7.•A
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TABLE 28
NEAR SURFACE RESOLUTION OF MACHINED SPECIMENS
(5/64 In. Diameter Flat Bottom Hole Response)

__________Test A

Product Form Branson 600 1Sperry!)M71
3/4 in., 5 MHz 1/2 ini., 5 MHz 3/8 in., 15 MHz 3/4 in:, 5 MHz

SIZ Of SIL SIL
4 in. Plate 0.17 to 0.37 0.08 to 0. 17 0.08 to 0.17 0.17 to 0.37

2 in. Plate 0.10 to 0.20 Less Than Less Than 0.20 to 0.38

0.08C 0.10

Die Forging 0.15 to 0.21 I0.15 to 0.21 0.10 to 0.15 0.15 to 0,21

j

Product Form Branson 600 Sperry UM-715

34in., 5 MHz 1/2 in., 5 MHz 3/8 in., 15 MHz 3/4 in., 5 MHz
SIZ ae 511 SIL

4 in. Plate. 0.17 to 0.37 0.08 to 0. 17 0.08 to 0. 17 0.17 to 0.37

2 in. Plate. 0.10 to 0.20 0.10 to 0.20 Less Than 0.29] to 0.38

0.10

Die Forging 0.15 to 0.21 0.15 to 0.21 Less Than 0.15 to 0.21

0.10

Tet ws ~ifome b sttngth mniumreposeto80 o stuAton

Test A was performed by setting the manimum response to 80% of saturation.

Metponsa from largest metal travel was less than 10% of saturation. P4Ol1.0
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In each case the near surface resolution went from .20 - .40
inch to .15 - .21 inch.

Upon completion of the near surface resolution study, the
machined specimens were used to investigate scan index. Durirg
an ultrasonic inspection of production parts, one of the param-
eters which must be selected i! the scan index. It is important
that the scan index be small enough to ensure 100 percent inspec-
tion of the parts. During a typical ultrasonic inspection all
discontinuities whose amplitude exceeded 50 percent of the dis-
tance-amplitude curve would be marked for further evaluation
since the response may not be maximized on the discontinuity.
The final evaluation would be made by positioning the search
unit for maximum response from the discontinuity and, if the
response exceeded the distance - amplitude curvw, the discon-
tinuity uuuld be considered rejectable. On thiE basis of testing,
then, it is important to choose a scan index thr)ugh which no less
than 50% of the reference standard response is obtained.

Several tests wei'e performed to determine the maximum scan
index for the test specimens on hand. Initially, the search unit
was positioned to maximize the response from the flat bottom hole
with a 3 inch water path and then moved off centerline until
response dropped to 50 percent of its initial amplitude. This,
then, was considered one-half the maximum scan index. The results
of the testing are shown in Table 29. In general, the maximum
scan index increases with search unit diameter and with the
reference reflector size.

c. Sound Transmission Characteristics

In many ultrasonic inspection situations, there exists a significant
difference in sound transmission characteristics between the reference
standard and the part to be inspected. In addition to attentuation
differences, such things as surface finish variations, grain flow direc-
tion, and metallurgical variations can contribute to the difference.
If corrections are not made for the differences, it is possible that
rejectable defects can be accepted because they can appear smaller
than they actually are based on their ultrasonic response.

A test program was conducted to quantitatively determine the magni-
tude of sound transmission differences for rolled plate and die forging
material. The test specimens were those fabricated for the near surface
resolution study described previously (see Figure 43 and Table 24). In
addition to these specimens, a set of ASTM-type Ti-6AI-)iV reference
standards containing 3/64 inch diameter flat bottom holes were used to
represent typical straight beam immersion reference standards (see
Figure 35).

initially, a dit.L;ance-amplitude correction DAC) curve was constructed
using the A"TM-type reference standards with 3/64 inch diameter flat

bottom holes arnd with metali travels varying from 1/2 to 5-1/2 inches.
The AfSTM-typc stundards were,, placed. in the water, the search unit was
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TABLE 29
MAXIMUM SCAN INDEX FOR MACHINED SOUND ENTRY SURFACE

(Metal Travels are Indicated in Parenthesisi

4 in. Plate 2 in. Plate Die Forging

Suc nt 3/64 in. 5/64 in. 3/64 In. 5/64 in. 3/64 in. 5/64 in.
"oile Hole Hole Hole Hole Hole

£3/8 in. Dia 0.060 0.20 0.060 -0.050-

15 MHz, SIL (0.17) (0.08) (0.20) W0.15)
(S/N 17206)

3/4 in. Dia 0.18 --- 0.20
5 M~z, SIZ (0.37) (0.21)
(S/N 21269)

1/2 in. Dia 0.10 0.14 0.08 -0.06-

5 MHz, (0.37) (0.08) (0.20) (0.21)
Aerotech ai

3/4 in. Dia 0.18 -0.18 -0.12-

5 MHz, SIL (0.37) (0.38) (0.21)
(S/N 21263)

0P74-OflI I W
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adjusted to the selected water path, and the refercnce standard which
exhibited the maximum response was located. Then, the amplitude of
that response was adjusted to 80 percent of saturation. Without
changing the gain, the amplitude responses frow the other ASTM-type
standards was recorded and distance-& .plitude curves (DAC) were con-
structed.

These tests were performed using the following search unit and
ultrasonic instrument combinations:

(a) 3/4 inch diameter, 5 MHz, SIZ (S/N 21269) with the Branson 600

(b) 1/2 in-h diameter, 10 MHz, SIZ (Si -. 544) with Branson 600

(c) 3/8 inch diameter, 15 MHz, SIL (SIN 17205) with Branson 600

(d) 3/4 inch diameter, S MHz, SIL (S/N 21263) with Sperry UM-715

The testing was repeated 7 times using the same technician, the
S/N 21269 search unit and a 3 inch water path. Also, the testing was
repeated 4 times with the same technician, the S/N 21269 search unit
and a 9 inch water path. These tests were repeated in order to
measure the variation in response from one test to another. Each
repeated test was initiated from the beginning with the placing of
the reference standards made for the program in the water. The data
was normalized prior to plotting the DAC curves by adjusting the
maximum response in each test to an %mplitude of 1 inch with the
remaining amplitudes in the DA arve adjusted accordingly. Typical
plots of the relative amplitudes as a function of metal travel are
shown in Figures 46 and 47.. Also, shown are the positions of the
near field in the metal as calculated from the search unit diameter,
sound velocity-, and test frequency. A decibel (dB) scale is included

in each plot for reference.

When plotted logarithmically, the amplitude response versus metal
travel for a constant flat bottom hole size, should follow a straight
line. However, deviations from this straight line may occur in
repeated tests since the holes may not be ex-actly of the sBune diameter
and orientation. Also, there may be some variation in repeatability
due to variations in search unit orientation with re-spect to the
reference standard, etc.

The data was analyzed and it was found that one standard deviation

for the response variation from the ideal straight line due to varia-

tion in hole preparation was approximately 1.7 dB. One standard
deviation due to test repoatability was approximately 1.3 dB. For a
95 percent confi.dlutce level, then, a specific 3/64 inch diameter hole
respons, was within + 3.5 dl of the theoretical response. The test-
retest repeatability of the operator, equipment, and setup combina-
t ion was + 2. 5 d13. It ;hould be noted that thes:e specific value:;
could be expected to vary with such factor:: a! search unit si V,
test frequency, and hole preparation.
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After the distance-amplitude curves were producled, t.irwwas
performued upon the as-rolled plate and as-forged die forging materla].l
containing flat bottom holes.-. These tests were performed usding the
same operator, arid equipment as described above. "'he search unit
was positioned over the particul~ar piece arid, with the gaini setting
the same as for the previously testec! standard, tho response. f romr
the flat bottom hole was recorded. rTy~pical normalized rosponsc'?;
are plotted in Figures 146 and( 147.

Next, the plate and forging pieces were machined to aL nr i, r
or better surface finish and the tesiting was repeated. Tý%'p i cal
normalized responses are p:.lotted in Figures 146 and 147.

A comparison of thie reiathive responses from the plate, foi-ging,
and ASTM-type reference stardards was made for those data Poi)nts,
in the flar field. This 2omiparison Is documente-d inl Table 'W. 1,.
should be recalled that th~o response variation was + 6 d113 due to
the sum of the variations in hole geometry and test-retest roepatu-
bility. As shown in Tabl.e :30, the only case where the response
difference exceeded + 6 dB was for the 14 Inch machined jaiut.(.. T'I'
greater attenuation of the machined pl ate was, xpected dute t,( III'
hilgher' noise levels normal:ly experienced In production iwiohiried
part ultrasonic Inspecýtion wheriever the ul trnsoniic boam 1t Hr1 ec tcd
normal to the g~rtin f.low of the p~art.

A compar ioon of the disaecapiueplotS in the il~r'idght. .1 Inv

ofpl th ntabte lyite end d :, unto ofte aI1olwn'. theIrc uigll cii

howrvtr, thatete cI salchulated Uic ulorpc-1I[1ept wais aprxmte. shrt (11
ichi ofz tnietalt Irigavdl, Cu'r nc' I rreo nIi ach un[t l'luitIr 1,11 I/o11 W1.1.1;I

Alhai seuih untIIit 0 the 101oj(.15 War! it irhiŽ (arthl It.. dB po 11 -

!, iet dioferehnce iany ped :tidIt,. ate iditoce Croill pltti . W plot. W..
exlaial by the en fotn': tor i'.011

ho be.ver,~ tha thaoniacuteut(-i wr.!a p'fom'uid Ierigirti Wa 1,)( 1icot in ,-,

(11:0 indi-catingv al ndifnf'rchini n us CNAc upo h 1n: I CLI':InI( WV 11:1/j 1 ( !V
IC)f I Ik tu 'i ii d u Irr Iyi , on the I io : e 1 Ill, t ' th st% oIi mtiutfiou t, I() ot,(, t af; any urt'.ý iýI
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FIGURE 46
RELATIVE RESPONSE vs METAL TRAVEL
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3/4 in. Diameter, 5 MHz SIZ
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FIGURE 47
RELATIVE RESPONSE vs METAL TRAVEL
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10MfHz, 12 in iBrno 00,
3 in, Water Path[ ~0.4j
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FIGURE 47 (Continued)
RELATIVE RESPONSE vs METAL TRAVEL
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RELATIVE RESPONSE vs METAL TRAVEL
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10, 'A
0.8 _ _ _ _ _

' 5 MHz, 3/4 In. SIL, Automation Industries UM715,S~3 In. Walter Path

0.6
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•0.03

-2

10

0,06

0.04

0.02- o As.Rolled 4 in. Plate

* MichIned 4 in. Plate

A As.Rolleo 2 Ih. Plate

A Machined 2 in. Plate

0 As-Forged Forging

0 Machined Forging0.0 1 . .. . .
0 2 3 4 5 6 7

M,'tal Triavel in.

FIGURE 47 (Continued)
RELATIVE RESPONSE vs METAL TRAVEL
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5 MHz, 1/2 In, Aerotach Alpha, Branson 600,
3 In. Water Path
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0.2
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FIGURE 47 (Continued)

11ELATIVE RESPONSE VS METAL TRAVEL '
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RELATIVE RESPONSE vs METAL TRAVEL
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2/64 Dia Flat Bottom Hole

3/64 Dia Flat Bottom Hole

5/64 Dia Flat Bottom Hole

I 1 1.0 (Typ)

5.0 1

t4

2T 5/64 Dia Sid2sin 0 I Drilled Hole (Typ)

T (tan 0)

+1°

Surface B

T/44(an• /2. ..

0flat and parallel within 0.001 Inch.

2. Ai dmensonsare +0,03 In. except for hole diameters which are +3 of the diameter specifIed.

3. oleb~ltommust be flat withln 0.001 In. per 1/8 In. dlanemewr.

GP7d.O11? 8];
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TABLE 30
DIFFERENCE IN RESPONSE BETWEEN PLATE AND FORGING AND

ASTM -TYPE REFERENCE STANDARDS

Response Variation (d8)

Seach nit2 in. 4 in.Searc UnitAs-Rolled Marhined As-Forged Machinqd
Plos Pato Forging Forging

3/4 ~ ~ ~ ~~~lt inPimeelateSI 2 -27 .1 +.
3/2 in. Diameter, 10 MHz, SIZ -4 -8.7 -.1 +2.5
3/8 in. Diameter, 15 MHz, SIL -4 -8. -1 +3.5

OP74 0117-313
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Initially, the 1-1/2 inch thick as-rolled plate specimen was
positioned in the water tank and a 3/14 inch diameter, 5 M]Hz,
SIZ search unit (SIN 21269) was adjusted to a 3 inch water
path and a refracted sound beam angle in the metal of 145 degrees
+ 5 degrees. A Branson 600 ultrasonic instrument was used forT

ýk The testing. The response from the flat bottom hole was adjusted
to 80 percent of saturation and the gain control setting and
dB setting were recorded.

Next, the testing with an as-rolled sound entry surface
was repeated for the contact angle beam method. A 5 MHz, 145
degree contact angle beam search unit was used along with "Lubri-
plate" grease as a couplant. Again, the responses from the flat
bottom holes were adjusted to 80 percent of saturation and the
gain and dB setting were recorded.

After t-esting was completed with an as-rolled sound entry
surface, the surfaces were machined to a f'inish of 125 rms or
better. The previous testing was repeated by returning to the
original gain setting, adjusting the hole response to 80 percent
of saturation, and recording the dB setting. The results are

shown below.

dB Difference In Response From
As-Rolled and Machined Specimens

Immersion Contact
3/614 Hole I5/64 Hole 3/614 Hole J5/614 Hole

1/2 1-1/2 0 0

As can be seen, the response difference between as-rolled and
machined was insignificant for both the immersion and contact
testing for the size reference holes used. This would appear to
indicate that an as-rolled sound entry surface on a piece of plate
would not reduce the inspectability of that plate as compared to aI
machined sound entry surface.

(2) Straight Beam Inspection -Extrusion

In order to investigate the effect of an extruded sound entry
surface, a 3/614 inch diameter flat bottom hole was drilled in a 1/2
inch thick piece of titanium extrusion. The hole was drilled to a
depth of approximately 1/8 inch. With the as-extruded surface
intact, a straight beam immersion test was performed at a waterI
path of 3 inch using a 1/2 inch diameter, 10 MHz Aerotech Alpha
search unit and again with a 1/2 inch, 5 MHz Aerotech Alpha search
unit along with a, Branson 600 instrument. The hole response was
adjusted to 80 percent of saturation and the gain and dB setting
were recorded.
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After testing the as-extrudc3d piece, the sounC entry surface
and back surface were machined to a finish of 125 rms or better.
The testing was repeated at the oxiginal gain setting. The
results are shown below.

dB Difference In Response From
As-Extruded and Machined Specimens

10 MHz 5 MHz

2 1./2

As can be seen, the response difference 4as insignificant
for the immersion tests.

e. Inspection of Thin, Machined Parts

Some airframe manufacturer's employ ultrasonic inspection
techniques on final machines parts particularly in thin sections
including such areas as the webs of machined bulkheads. Testing
performed during this program has demonstrated the value of such
inspections. There are defects that can be detected in final
machined parts that cannot be detected in thicker product forms
such as raw forgings. As shown in Section 3 of the hNDT capability
portion of this report, the detectability of internal cracks with
angle beam techniques can be quite low in thick section parts
because of the part thickness and crack orientation. However,
a large number of these cracks can be detected after final
machining to a thinner section (see Table 69).

A program was conducted to investigate several ultrasonic

techniques for application to ultrasonic inspection of thin areas.

(1) Pulse - Echo

Initially, pulse-echo immersion testing was examined witb the
intent being to establish the resolution capabilities of the methods,
for flaws lying parallel to the machined surface as a function of
test frequency. Two search units wore evaluated. These were a
1/2 inch diameter 10 MHz SIL long focus search unit (3.7 inch focal
length in water) and a 5/16 inch diameter 25 MHz SIL focused search
unit. Both search units were used in conjunction with a Branson
600 ultrasonic instrument and a 623 Ts pulser/receiver. Test
specimens ranging in thickness from .050 to .437 inch were drilled
with 2/64, 3/64, and 5/0s inch diameter flat bottom holes as shown
in Figure 49. These flat bottom holes were designed to represent
discontinuities in parts of various thickness.

The test. specimens were placed in the water and the search unit"
was adjusted to bring the focal point to the front surface of' the
particular specimen being tested. Next, the search unit wa:: 11ýovwd
to the 5/64 diameter hole and positioned to peak the response from
the hole. The gain was adjusted to position the response to 80%,
of saturation on tie cathode ray tube in order to simulate the
scanning gain for an actual inspection where the minimum respons,
is adjusted to 80% of saturation.
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7"1
2/64 Dht Flat Bottom Hole

3/64 Die Flat Bottom Hole 2.0-e.

0.5 5/64 Dia Flat Bottom Hole o

"1.0
1.25 1.26

Elox4
1.0 A

1.251 _• _ !Elox
5.0 1.0 B

150 Elox 1.25

Surface 2/64 Die Flat
A Elox Bottom Hole

D

5/64 Die Flat

Bottom Hole
3/64 Dia Flat
Bottom Hole

1/2 T + 0.005 1/2 T + 0.005

T 0.050, 0.080, 0.125, 0.187, 0.298, 0.437 inches 1

Notes:

I1, Hole bottom must be flat within 0,001 In. per 1/8 die.
2. All dimensions or, + 0.03 In, except for hole diameters which are + 3% of the specified die.
3. Plane of flat bottom holes and *lox &lots must be perpendicular to sound entry surface and

parallel to 5 In. dimension within + 2 degrees.
4. Side drilled flat bottom holes must be perpendicular to Surface A + 1 degree In two

directions 90 wigtree$ opposed. P40177

O0P14.0i 17 111

FIGURE 49
TEST SPECIMEN CONFIGURATION
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It was noted whether or not the hole response was resolvable
from the water/metal interface and if the back surface was
resolvible from the water/metal interface. Also, the noise level
was measured on the CRT screen. For the purposes of this test,
the hole and back surface response was considered resolvable if
they came completely down to the baseline on the CRT (see Figure
50).

Next, the search unit was moved to the 5/64 inch diameter
hole in the 0.298 inch thick piece and the hole response was
adjusted to 80% of saturation. The dB required to adjust tihe
hole response to 80% of saturation was measured. Again it was
noted whether or not the hole response and the back surface were
resolvable.

This test procedure was repeated for all the test specimens
and all the flat bottom holes in an attempt to ascertain the best
choice of search unit for inspection of flat thin parts using
the pulse-echo technique.

A summary of the results is presented in Table 31. A. series

of photographs demonstrating typical CRT displays is shown in

Figures 51 thru 53. It can be seen from Table 31 that an improve-
ment in resolution was obtained by increasing the test frequency
from 10 MHz to 25 MHz. For example, the 3/64 inch diameter hole
was resolvable at a .063 inch metal. travel with 25 MHz but not
with 10 MHz (see Figure 52).

The ultrasonic noise from the test specimens was quite low;
never exceeding 10% of saturation at the gain level required for
a hole response of 80% of saturation.

Separation of the back surface response from the water/metal
"interface response was also improved by increasing the test fre-
quency to 25 MHz from 10 MHz. An example of a CRT display is
shown in Pigure 53.

Based on these results, it appears that it is possible to
resolve discontinuities equivalent to a 2/64 inch diameter flat
bottom hole at metal travels as small as 0.094 inch.

(2) Reflector Plate Method

Another potential technique for ultrasonic inspection of
thin parts is the reflector plate technique demonstrated in
Figure 5)4. '1
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Water/Metal

IntrfceHole Water/Metal

Response Interface Hole
Response

.-Boick Surface 
Rs

Response Back1<Suarf ace

Resolvable Unresolvable

FIGURE 50

DEFINITION OF NEAR SURFACE RESOLUTION AND BACK SURFACE RESOLUTION
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Irk

TABLE 31
IMMERSION PULSE ECHO TESTING

5/64 in. Die Flat Bottom Holes

a dB for 80% Respons J Baok Surface ResolvableMetal Travel .... !

(in.) 10 MHz 25 MHz 10 MHz 25 MHz

0,218 21 9 Yes Yes

0,149 21 10 Yes Yes
0,094 16 14 Yes Yes
0,083 ye Yes yes
0,040 No yes
0,026 No No

3/64 In. Dia Flat Bottom Holes

Metal Travel dB for 80% Response Back Surface Resolvable
(in.) 10 MHz 25 MHz 10 MHz 26 MHz

0.218 15,5 7 Yeb Yes
0,149 14 10 Yes Yea
0.094 LA 12 No Yes

0.063 12 Nu Yes

0,040 A No Yes
0,026 Lt No No

2/64 In, Dia Flat Bottom Holes

Metal Travel dB for 80% Response Back Surface Resolvable

0n,1 10 MHz 25 MHz 10MHz 25 MHz

0.218 10 2 Yes yes
0,149 15 5 Yes Yes
0,094 1& 10 No Yes
0.063 A No Yes
0.040 A A No Yes
0,025 A A No Yes

A Hole not Resolved
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I (j l.,L0,

0,149 in, Mutal Travel 0,094 in Metal Tiavel

0.063 in, Metal Travel (Unresolved)

FIGURE 51

TYPICAL CRT DISPLAYS FOR PULSE ECHO TESTS
2/64 In. Dia Flat Bottom Holes

5/16 In. Dia, 2E mHz SI L Search Unit
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tSurface

10 MHz (Unresolved) 25 MHz (Resolved)

FIGURE 52
INCREASE IN RESOLUTION WITH 25 MHz TEST FREQUENCY (3/64 IN. DIA HOLE,

0.094 IN. METAL TRAVEL)
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Ba

Front

Surface

0,040 in. Metal Travel 0,040 In. Metal Travel
10 MHz (Unresolved) 25 MHz (Resolved)

FIGURE 53 0P,,,o17.,,
INCREASED RESOLUTION OF BACK SURFACE WITH INCREASED

TEST FREQUENCY
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Search
Unit

Sound
Be.am

t_ _ _ TestS....Place

_______________________________________________________________Reflector
Plate

aPld.01 |7,jU
FIGURE 54REFLECTOR PLATL METHOD

As can be seen, the sound beam iL tr'arismitted through the test
piece, reflected from the reflector plate, transmitted back
through the test piece and, finally, received by the search tunit.
Interruption of the sound beam by a discontinuity in the test
piece reduces the ampJitude of the roflector plate response.
Resolution of discontinuities near the surface may be easier
with the reflector plate method than pulse-echo because the
response occurs further out in time and, hence, is less
affected by the large water/metal hit:.erface response.

The test specimens, search units, and pulse receiver were

the stune as previously used in tho pul:ze--echo tests. The fiber-
phenolic reflector plat(u, wv.s: 1 inch thick. Initially, the test
specimens were immersed in the water and the search unit and
reflector plate were positioned as shown in Figure 55.

WSearch
Unit

Focalth
ot Search Unit

o Test Specimen

1/2 in,

Reflector
Plate

(M,14 01 11 1U

FIGURE 55
TEST SETUP FOR REFLECTOR PLATE TESTS
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The reflection from the reflector plate, through the test specimen, I
was adjusted to 80% of saturation in a non-hole area of the test
specimen. Then, the search unit was moved over the 5/64 inch
diameter hole in the specimen and the reduction in amplitude from
the reflector plate was measured by recording the dB required to
return the signal to 80% of saturation. This was repeated for all
the holes in each of the specimens. In this way, the smallest
detectab.e hole was identified as a function of the test piece
thickness and test frequency. In order to measure the scanning
noise level, the search unit was moved to a non-hole area, and with
the reflector plate signal adjusted to 80% of saturation, the search
unit was transversed back and forth over the reflector plate. Multi-
ple exposure photographs were taken of the CRT display and the varia-
tion in amplitude of the reflector plate signal was noted to be 3 dB.

The results of the testing are shown in Table 32.

TABLE 32
TEST RESULTS FOR REFLECTOR PLATE TESTING

10 MHz, 1/2 In. Dia 61L Search Unit

Plate Metal Signal Reduction Due to Flat
Thickne~ss Travel Bottom Hole (dB)

(in. (in) 264 364 5/64

0.298 0.149 11 14 18

8 17 203.7 In.0,187 0.094 8 17 20 .

0,125 0.063 8 14 20 Specimen 0,50 in.

0.080 0.040 6 12 17 e Plate
Reflector Plate

0,050 0.025 5 9 13
-P1- 0 4O IS MO

It was found that at a test frequency of 25 MHz, there was not
enough power to get a signal back from the reflector plate. This
was true for all thicknesses except for 0.050 inch where a very
low ampLitude signal was received. As can be seen in Table 32,all the holes were detectable in alj. the specimens using 10 MHz.
The scanning noise was found to be approximately 3 dB. Based upon
these results, it appears that the reflector plate method is
better than the pulse-echo method for locating flaws and evaluating
their size in flat, thin machined parts.
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(3) Ringing Method

An ultrasonic ringing methoC was investigated for applica-
tion to inspection cf thin harts. This method is based upon the
presence of sound reverberations within the part and the change
in the reverberations. When tne metal travel distance is changed
the 10 MHz and 25 MHz focased search units and Branson 600 instru-
ment used in the pulse-echo tests aere useO in the immersion ring-
ing tests. The gate was adjusted to monitor changes in the width
and amplitude of the water/metal interface e-ho. Initially, the
water/metal interface response was adjusted to saturation in a
non-hole area of the test specimen (see Figure 49 for specimen
configuration) and the gate was adjusted to trigger at 30 percent
of saturation on the right hand side of the response. The gate

was adjusted to monitor the last 3 spikes without changing the
gain; the search unit was positioned over each flat bottom hole
in order to measure detectability of the holes.

The results of these tests indicated that the ringing method
was ineffective. It was not possible to detect any of the flat
bottom holes in any of the specimens.

(4) Pitch-Catch

Contact pitch-catch tests were performed upon the test specimens
using a 5 M11z Branscn 1/11 inch fingertip probe with a Branson 600
ultrasonic instrument. The 2/64, 3/64, and 5/64 inch diameter flat

bottom holes in the specimens shown in Figure 49 were used as
artificial reflectors. The couplant was "Lubriplate" grease. The
search unit was oriented to provide for maximum response from the
chosen flat bottom hole and the hole response was adjusted to 80
percent of saturation. The dB setting at 80 percent of saturation
was recorded and it was noted whether or not the hole response was
resolvable from the back surface response. For the purposes of
this testing, the trailing edge of the hole response had to meet the
horizontal sweep line to be considered resolved from the ' 7k surface
response.

T'inally, the testing was repeated using a 10 vflz Branson 1/4
inch probe.

The test results are shown in Table 33. As can be seen, in
every case, except for the 3/64 inch hole at 5 MHz, the hole wasI
resolvable down to a test part thickness of .187 inch (.094 inch
metal travel). Based on these results, it appeau's that thinner
parts can be ultrasonically inspected with the 5 MHz or 10 MHz
pitch-catch technique than with the 10 M11z pulje-echo technique.
With the 10 M11z pulse-echo technique, it was not possible to

resolve the hole response (2/64 and 3/64 inch diam(eter holes)
for metal travels less than .149 inch. However, in comparing the
pitch-catch and pulse-echo methods with the reflection plate
method, it could be conclude I that the reflector plate method :i s
superior in that metal travc_.; as s:1a 1. aM .025 i.nch can b1 inspec ted
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TABLE 33
RESULTS OF PITCH -CATCH TESTS

5 MHz

Metal dB for 80% of Saturation
Plate Travel

Thickness (in.) R/64 3/64 5/64

0,437 0.218 26 32 39

0.298 0.149 24 34 41

0.187 nl.094 24 33 40

0.125 0.063

0.080 0.040

0.650 0.025

10 MHz

Plate Metal dL -or 80%/ of Saturation
Thickness Tae

(in.) 2/64 3/64 5/64

0.437 0.218 19 25 31

0.298 0,149 20 27 36

0.187 0.094 17 23 28

0.125 0.063 Li\

0.080 0.040 A, A

0.050 0.025

A GP14.011 081

2Lt Hole response was not resolved from back Surface response.

1~41
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f. Angle Beam Immersion Testing of Plate

A program was conducted to evaluate the effectiveness of various

search units during angle beam immersion testing of specimens fabri-
cated from plate. A total of 9 test specimens (Ti-6Al-hV) were
fabricated to the Figure 48 configuration with the following dimen-
sions:

Thickness, T Surface Finish 0 A
(Inches) (RMS) (Degrees) (Inches)

1.00 63 30 1.44

1.00 125 30 1.44

1.00 as-rolled 30 1.44

1.50 63 45 1.55

1.50 125 45 1.55

1.50 as-rolled 45 1.55

2.00 63 45 1.91

2.00 125 45 1.91

2.00 as-rolled 45 1.91

As showu in Figure 48, flat bottom holes, having diameters of 2/64,
3.64, and 5/64 inch, were incorporated as artificial reflectors.

Five flat search units were compared. These were:

(a) 3/4 inch diameter, 2-1/4 MHz, Aerotech Gamma

(b) 3/4 inch diameter, 5 MHz, Aerotech Gamma

(c) 3/4 inch, 2-1/4 Miz, SIZ

(d) 3/4 inch, 5 MHz, SIZ

(e) 3/4 inch, 5 MHz, SIL

A Branson 600 ultrasonic instrument was used along with a 622T pulser/
receiver for each test. Each search unit was adjusted for a 3 inch -
water path and a refracted sound beam angle in the specimen of 45
degrees + 5 degrees for the 1-1/2 and 2 inch thick specimens and 60
degrees + 5 degrees for the 1 inch thick specimen. The sound entry
point was adjusted to Position 1 (see Figure 56) and the flat bottom
hole response was adjusted to 80 percent of saturation. The response-
to-noise ratio was measured off the cathode ray tube. Next, the
search unit was moved to Position 2 and the testing was repeated.
A few selecteýd tests were performed from Position 3.

F 1i~2
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Position 1 oito

Position 3 OP 14-0117 3,

FIGURE 56
SOUND ENTRY POSITIONS

;iI

VI The results of the tests are shown in Tables 34 through 42. With
the sound entry point at Position i (i/4 skip), the 3 flat bottom holes
were detectable in all cases. The ultrasonic noise amplitude variedi~i from 0.05 to 1.6 inches vi.th the hole response adjusted to 2.4 inches.

In several cases, there was little difference between the signal-to-
noise ratio for the 5 search units. In those cases where there was a
difference, it was found that the SIZ search units produced the
greatest signal-to-noise ratio.

It was not possible to detect any of the flat bottom, holes at 1-1/4
skips (Position 2). At 3/4 skips (Position 3) it was po.,sible to
detect the holes in a few cRses. Thie,3e results indicate that angle

beam immersion inspection of a plat inch thick or greater should be
confined to less than 3/4 skips.

It should be noted that it is not possible to determine the effect
of machining upon ultrasonic response from this data since the pieces
were removed from different plates. These effects were studied in a
separate program which is described in Section 3-d.
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TABLE 34
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 2 INCH AS-ROLLED PLATE

2/64 in. Dia Flat Bottom Holes

Searc UnitUltrasonic SignaI-to-Nolse Ratio,&~

2* / MzGama Position 1 Position 2 Position 3

5 ~,Gamma 2.4/0.25

2-1/4 MHz, SIZ 2.4/0.5

5 MHz, SIZ 2.4/0.2

5ML SI 2.4/0.7

3/64 in, Dia Flat Bottom Holes

Search UnitUlti-asonic Noise Level i>

___________ Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.1

5 MHz, Gamma 2.4/0.1 0.2/0.1

2-1/4 MHz, SIZ 2.4/0.3

5 MHz, SIZ 2.4/0.05

5MHz, SIL 2.4/0.15

5/64 in. Dia Flat Bottom Holes

Search UnitUltrasnnic Noise LevelLi
_______________ Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.1 A
5 MHz, Gamma 2.4/0.05 0.6/0.05
2-1/4 MHz, SIZ 2.4/0.1A

5_ _ _ __ _ _ M___z,_ __ __ _ 2.4/0.01

5 MHz, SIZ 2.4/0.01/3

SAmplitude of the noise in Inches when the hole response Is adjusted to 80% of saturation,

No hole response

f: ~Testing not performned fromn Position 3,
0P74.Ot 17-e4
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TABLE 35

ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING
OF 2 INCH PLATE - 125 RMS
2/64 in. Dia Flat Bottom Holes

Ultrasonic Signal-to-Noise Ratio
Search Unit

Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/1.0 A

5 MHz, Gamma 2.4/0.3

2-1/4 MHz, SIZ 2.4/0.7

5 MHz, SIZ 2.4/0.5

5 MHz, SI L 2.4/0.,

3/04 in. Dia Flat Bottom Holes

Ultrasonic Noise Level 2LSearch Unit ,

Position 1 Position 2 Position

2-1/4 MHz, Gamma 2.4/0.25

5 MHz, Gamma 2.4/0.1

2-1/4 MHz, SIZ 2.4/0.5 A3

5 MHz, SIZ 2.4/0.2

5 MHz, SIL 2.4/0.4 ,,

5/64 in. Dia Flat Bottom Holes A

Ultrasonic Noise Level Li
Search Unit

Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.12 A2
5 MHz, Gamma 2.4/0.05 L2

?-1/4 MHz, SIZ 2.4/0.1

5 MHz, SIZ 2.4/0.01 A2

5MHz, SI L 2.4/0.15 h\

Amplitude of the noise in Inches when the hole response is adjusted to 80% of saturation.

No hole response

Testinp not performed from Position 3. oP74Ol 1 1

4,,

GP14-0 1 7.8
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TABLE 36
ULT3ASONit; NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 2 INCH PLATE -63 RMS
2/64 in. Dia Flat Bottom Holes

Searc UnitUltrasonic Noise Levol

Position Position 2 Position 3

2-1/4 MHz, Gamma 2.4/1.1
5 MHz, Gamma 2.4/0,9

2-1/4 MHW!, SIZ 2.4/0,9

5 MHz, SIZ 2.4/1.0

5t MHz, S1 L 2.4/1.2

3/64 in. Dia Flat Bottom Holes

Search UnitUltrasonic Noise Level ~ '

Position 1 Position 2 Posito

2-1/4 MHz, Gamma 2.4/10.3

5 MHz, Gamma 2.4110.15

2-1/4 MHz, SIZ 2.4/0.3

5 MHz, SIZ 2.4/0.2

5 MHz, SIL 2.4/0.3

5/64 in. Dia Fiat Bottom Holes

Search Unit Ultrasonic Noise LevelAl
Position 1 Position 2 Position 3

II2-1/4 MHz, Gamnma 2.4/0.08 A2

Amplitude of the noise in inclies when the hole response is adlusted to 80% of satulration.

2No hole response

3Testing not performed from Position 3.
GIPI4 oil I Ili,
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TABLE 37
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 1% INCH AS-ROLLED PLATE
2/64 In. Dia Flat Bottom Holes

Ultrasonic Noise Level
Search Unit

Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.6

5 MHz, Gamma 2.4/0.3 A 0.6/0,35

2-1/4 MHz, SIZ 2.4/1.0

5 MHz, SIZ 2.4/0.5 A
5 MHz, SIL 2.4/1.6 A A

3/64 In. Dia Flat Bottom Holes

Ultrasonic Noise Level &Search Unit
Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.3 A
5 MHz, Gamma 2.4/0.1 0.55/0.2

2.1/4 MHz, SIZ 2.4/0.15 A A
5 MHz, SIZ 2.4/0,05 A A
5 MHz, SIL 2.4/0.4 A -

5/64 In. Dia Flat Bottom Holes

Ultrasonic Noise Level Z
Search Unit

Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.15 A
5 MHz, Gamma 2.4/0.05 0.8/0,1

2-1/4 MHz, SIZ 2.4,0. 1

5 MHz, SIZ 2.4/0.01 0.25/0.01

5 MHz, SIL 2.4/0.2

A mplitude of the nolse in inches when the hole response is adjusted to 80% of saturation.

No hole response

Testing not performed from Position 3.
G0P 14.O1I1 e55

.14.7
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TABLE 38
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 1% INCH PLATE - 125 RMS
2/64 In. Dia Flat Bottom Holes

Ultrasonic Noise Level Li
Search Unit ______

Position 1 Position 2 Position 3

2.1/4 MHz, Gamma 2.4/1.2 A A
5 MHz, Gamma 2.4/1.2 A A
2-1/4 MHz, SIZ 2.4/0.8

6 MHz, SIZ 2.4/0.0

5 MHz, SIL 2.4/1.6 A A

3/64 In. Dia Flat Bottom Holes

Ultrasonic Noise LevelSearch Unit
Position 1 Position 2 Position 3

2"1/4 MHz, Gamma 2.4/0A

5 MHz, Gamma 2.4/0,35 A A
2.1/4 MHz, SIZ 2,4/0.4 A A
5 MHz, SIZ 2.4/0.2 A A
5MHz, SIL 2.4/0,6 LA

5/64 In. Dia Flat Bottom Holes

Ultrasonic Noise Level
Search Unit r-

Position 1 Position 2 Prsition 3

2-1/4 MHz, Gamma 2,4/0,2 A A
5 MHz, Gamma 2.4/0.2

2-1/4 MHz, SIZ 2.4/0.1

MHz, SIZ 2.4/0.1

5 MHz, SIL 2.4/0.2 ZA A
SAmplitude of the noise itt inches when the hole response is adjusted to 80% of saturation.

No hole response

Testing nrot performed from Position 3.
QP,4.0111 94
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TABLE 39
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 1/ INCH PLATE- 63 RMS
2/64 In, Dia Flat Bottom Holes

Search" Unit Ultrasonic Noise Level

Position I Position 2 Position 3

4: 2.1/4 MHz, Gamma 2.4/1.1 L2Z
5 MHz, Gamma 2.4/0.6

2-1/4 MHz, SIZ 2.4/0.7

5 MHz, SIZ 2,4/0.2 L2 LA

5 MHz, SlL 2.4/1.0 LZ\ A

3/64 In, Dia Flat Bottom Holes

Ultitisonic Noise Level +Search Unit

Position 1 Position 2 Position 3

2.1/4 MHz, Gamma 2.4/0.4 A

5 MHz, Gamma 2.4/0.25

2"1/4 MHz, SIZ 2.4/0.3 A2
5 MHz, SIZ 2,4/0.2

6 MHz, SIL 2.4/0.4 /• [ Z

5/64 In. Dia Flat Bottom Holes

Search Unit Ultrasonic Noise Level

Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.2

5 MHz, Gamma 2.4/0.25 12 A
2-1/4 MHz, SIZ 2.4/0.1

5 MHz, SIZ 2.4/0.1

5MHz, SIL 2.4/0.2 LŽ

Amplitude of the noise In Inches when the hole response Is adjusted to 80% of saturation.

No hole response
Testing not performed from Position 3.

IP14-0 11 93

•'1.9
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TABLE 40
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 1 INCH PLATE AS-ROLLED
2/64 In. D , Flat Bottom Holes

Ultrasonic Noise LevelSearch Unit -

Position 1 Position 2 Position 3

2.1/4 MHz, Gamma 2.4/0.3

5 MHz, Gamma 2.4/0.1

2-1/4 MHz, SIZ 2.4/0,1

6 MHz, SIZ 2.4/0.6

5MHz, SIL 2.4/0.15 L2 _ _

3/64 in. Dia Flat Bottom Holes

" t trasonic Noise Level

P,)sition i Position 2 Position 3

2.1/4 MHz, Gamma 2.4/0.3

5 MHz, Gamma 2.4/0.' L$,/
2"1/4 MHz, SIZ 24/0 1

5 MHz, SIZ A2 )

5 MHz, SIL 2.4/01 12\ /_

5/64 In. Dia Flat Bottom Holes

Ultrasonic Noise Level &\Search Unit
Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.12

5 MHz, Gamma 2.4/0.05 A

21/4 MHz, SIZ 2.4/0.1 Zj..

5 MHz, SIZ 2.4/0.8 Z3\

5 MHz, SIL 2.4/0.15 A

Amplitude of the noise in inches when the hole response is adjusted to 80% nf saturation.

No hole response

Testing riot parformed from Position 3

GP140017 2
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TABLE 41
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 11/2 INCH PLATE - 125 RMS
2/64 In. Dia Flat Bottom Holes

Search Unit Ultrasonic Noise Level .3

Position I Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.4 A

b MHz, Gamma 2.4/0.2

2-1/4 MHz, SIZ 2.4/0.2

5 MHz, SIZ 2.4/0.3

5 MHz, SI L 2.4/0.2

3/134 In, Dia Flat Bottom Holes

Ultrasonic Noise Level
Search Unit

Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.4

5 MHz, Gamma 2.4/0.3

2-1/4 MHz, SIZ 2.4/0.2

5 MHz, SIZ 2,4/0.3

5 MHz, SIL 2.4/0.2 -. "-

5/64 In. Dia Flat Bottom Holes

Search Unit Ultrasonic Noise Level Al
Position 1 Position 2 Position 3

2-1/4 MHz, Gammia 2.4/0.4 Z2

5 MHz, Gamma 2.4/0.2
2-1/4 MHz, SIZ 2.4/0.3

5 MHz, SIZ 2.4/0.2

5 MHz, SIL 2.4/0.5 I

Amplitude of the nrlso In inches when the hole response is adjijustd to H'10. oul setu-atiotl.

No hole response

Testing not perfornocl f•urn Position. 3,

151'4 (11
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TABLE 42
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 1/2 INCH PLATE - 63 RMS
2/64 In. Dia Flat Bottom Holes

Ultrasonic Noise Level A
Search Unit

Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.15 ALA

5 MHz, Gamma 2.4/0.3 A
2-1/4 MHz, SIZ 2.4/0.1

5 MHz, SIZ 2.4/0.4

5 MHz, SIL 2.4/0.1 L A

3/64 In. Dia Flat Bottom Holes

Ultrasonic Noise LevelSearch Unit

Position 1 Position 2 Position 3

2.1/4 MHz, Gamma 2.4/0.2 A
5 MHz, Gamma 2.4/0.1

2-1/4 MHz, 1,Z 2.4/0.1" 4L2

5 1A H[,, F;IZ 2.4/0.3

5 MHz, S1 L. 24. A A

5/64 in. Dia Flat Bottom Holes

Search Unit Ultrawonic Noise Level A
Position 1 Position 2 Position 3

2-1/4 MHz, Gamma 2.4/0.2 ZA

b MH,+' Gamma 2.4/0.2 A

2.1/4 MHz, SIZ 2.4/0.1 A
5 MHz, SIZ 2.4/0.6 L

5MHS1L 2.4/0,1 A A

1 Amplitude of the otosir in inches when the hole roporn Is acijted to 90% of sawrattort.

N.' hole respunsa

TititIng inot 1ýorfornmed fromt Po,itio• .fl,

152i L) I I19
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SECTION IV

PROCESSING OF INGOT

This program was concerned with the detection of typical discontinuities
in titanium alloy components i.sing nondestructive methods.

The sources of defects in components manufactured from titaniun alloys
include many of those which also are common to other metals. However, sponge
reduction, consumable electrode fabrication, and arc melting processes pre-
sent a number of problem sourcis which are unique to titanium alloys. These
problems have been of particular concern since NDT methods were not always
originally selected with the aim of finding these unusual types of defects.
Ir addition, some of these defects were found to be of a size and character
which necessitated the development of more sensitive and sophisticated NDT
techniques.

A considerable effort has been expended over the past several years in
an attempt to identify, and insofar as possible prevent, the sources of
defects in titmiium components. These sources may be divided into -those
associated with raw materials (sponge, alloying elements, etc.) and ingot
melting conditions :ind uhosr,( associated with thermo-mechanical processing of
ingots to billet, bar, shuot, et,., and of mill products to finished compo-
nents (forging, machining, formhniq, h. tt treating, etc.).

The defects, :,,as6oi.atcA with raw riviterials and melting are more or less
peculiar to titanium moetlllur7y, whilc those associaLted with thermumechuni-
cal processing include defecL which ur: also cormmon to other materials.
Discontinuities which might occur in titanium ingot include pipe in the top
of the ingot, Type I and Typ, II alpha st abilized defects and gerne.'l
porosity. Type I alpha stabilized defects are characterized by high hard-
ness, high thermal stability and an Incre.ased oxygen and nitrogen content
compared with the matrix. Type Ii alpha stabilized defects are characterized
by a lower hardness than IType I, a lower thermal stability; aund an increased
aluminum content compared with the matrix (Reference 3).

Mil' 1.rr,.Ihts might include unheaL.. pipe and pol-UsiE,V, T'ypc Ii. alpha
stabilized defects, unhealed porosity, and Type I alpha ,ii ,, ,. •
with or without as3ociated voids. Forgings might contain unheali..l pipe and
porosity, Type II alpha ,;tabllized defects, unhealed porosity, and Tyrpe I
alpha stabilized areas, withi or without as:sociated voids.

Consequently, a full size production ingot was melted using techniques
to intentionally induce Type I and II alpha stabilized areas.

The ingot was converted to bar, plate, airframe forgings, and engine
disk forgings, containing the discontinuities. The capability of appropriate
NDT methods for the detection of the ,(cregates was established.

I
p
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1. INGOT MELTING

A full size double vacuum melted production Ti-6A1-hV ingoc (24 inch

diameter, 7,500 pounds) was produced for the program by Oregon Metallurgical
Company (Oremet) in Albany, Oregon. The ingot raw material components were
sponge, alloy, and revert chip. A photograph of the first melt ingot is
shown in Figure 57.

OP7dO11 t74I

FIGURE 57
FIRST MELT INGOT

In urd,�.� t) nUnt.ionwliy produce Type I alpha stabilized defects in the
ingot, the r.1ist melt; electrode was seeded with titanium nitride. This seed-
ing technique has been success.of'illy used in the past by the U. S. Bureau of
mines, Albwaty (Orv•c.u Slt-atlon, wider Air Force sponsorship and has been found
to produce def'ectj which closely resemble those which have occasionally
oncutrfsd in n 1,. mel it rig, prijctice (Reference 4).

11wo types of' hig;h nitrogen seeds, nitrided sponge and melted buttons,
wer r ')y u':rmet for insertoion onto the first melt insut,

Initial.l.y, r.itr.,d.d sponge wai pcoduced by placing uipprox.imately 10 powiuL,
of good i o"d. y Lit.tniu~wil ;poilge in th.i nlayer:_-, in carbon steel ti• ys. Thoere
trýay: w,,!rest...ck:., 'e 'i.];Llly in s.,e staiii sr steel pit furnace retort and

, * ,d to ,, uae a .1,::!k w.,s not present which would all1ow at prCess:ý!LI rrLte o)f
Sls e ()i' il!.! thant 1 rnc cri of' 1Y j-o, Iout. Term.inlr., pressure wan a [little

].!3,s th-%an .1 micron of i. . 'hPe sy..;teti wa.s h eated in vacuum to I 00°0C and back-
fii.•.: w!t;.thI hi g'k t:ut']ty ri it rogen. A demmnd type re .ulato. was held "t " i
Por h o;nu•t' :, d tIhe WW,'ster wa; uu,, Ic] to Runl}, ltp t.e•r •.ature u hld, r alt oIgti.
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In order to increase the chances of inducing typical defects, two types
of seeds were used for the ingot. The first type was the nitrided sponge
itself. The second type was 15 to 25 gram (approximate) nonconsumable arc
melted buttons made from randomly selected nitrided sponge. The buttons were
brokern with a hamer and seeds were selected from the pieces. Each of the
seed types used were 1 to 4 grams as Oremet experience indicated this range
of seed sizes would yield a range of segregate sizes. A total of 79 seeds
were selected for use in the ingot.

Figure 58 is a photograph of typical seeds along with the chemical
analysis data.

Holes, 1/2 inch diameter x 1 inch deep were drilled in 79 locations in
the first mplt ingot so that the seeds could be inserted. Hole locations
for the first melt ingot were profiled in the form of a right hand spiral
shown in Figure 59. Each hole was coded with proper identity to be certain
correct seeds were inserted. The seeds were inserted and normal sponge par-
ticles inside. Care was taken not to break brittle seeds in this profcess.

The second melt was made using the seeded first melt ingot as an elec-
trode. Melting was accomplished according to standard practice. The melting
was stopped 3 inches from the top. Power cutback on termination of remelt
was purposely extremely rapid in comparison to normal practice in order to
induce a large pipe and shrinkage zone in the ingot top with possible Type
II alpha stabilized defects.

The second melt ingct, Figure 60, was chamfered on the top and bottom
to break the sharp corners to minimize cracking during subsequent forging
and was shipped to the Ladish Company for conversion to billet stock.

The chemical analysis of samples removed from the top sad bottom of the
ingot is as follows:

Ingot Chemical Composition (Heat No. RD2234)

Element % by Weight Ingot
Top Bottom Aim

Aiumirum 6.20 6.40 6,2
Vanadium 4.03 4.10 4.0
Iron 0,166 0.164 0.16
Oxygen 0,15 0.14 0.16
Carbon 0.062 0.062 Low
Nitrogen 0.010 0.008 Low
Hydrogen 0.0019 0.0016 Low

GP74-0U17 il
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SediyptNtroegCntn

Spogenoge

MpneltdBto No. 1 8.8

Melteo Button No. 2 8.7

i PA 11. 11 11!

FIGURE 58
SEEDS USED TO INTENTIONALLY PRODUCE

ALPHA SEGREGATION
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20-15/16 in. Typ

Top of Ingot

-6 iii 1

24 in.

Typp

/8 ill.1

13} Seed Location

14 ~1 thin. 19 -- 5 Buttons, 14 Sponge
4 in). Vertical Between Holes

16 20 thru 79 -- 15 Buttons, 45 Sponge
-3/1 6 ill. Vertical Between Hules

1519 Profile Pattern is a Right Hand
150 ll.20 2 22Spiral Looking Down from the

~ 26 27Ingot Top onl the Seed Location

2I

69/332 in.T0
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GP?74,O I• 1717

FIGURE 60
FINAL MELT INGOT

The defects expected to b4i present in the 24 inch diameter ingot included

a void region with Type II alpha Ptabilized defects in the top 12-18 inches
of the ingot (900-1300 pounds in weight). It was expected that the void area
would be healed by diffusion bonding during the forging operations. However,
it has been observed that these voids can be lined with on aluminum rich zone,
and an attempt was made to preserve this segregation by using relatively low

working temperatures and short heating times during the ingot conversion pro-
cess. The initial ingot conversion took place at the Ladish Company. Ladisn
usually forges at 2050-2100°F for initial ingot breakdown but they used 1950°F
for the subject ingot in order to retain the segregation. It is also possible
that the relatively rapid freezing rate without hot-topping produced one or
more zones of segregation in the top section of the ingot.

The bottom portion of the ingot was expected to contain the Type I segre-
gation zones. Figure 61 shows the expected general locations of the various
defects.

2. INGOT CONVERSION TO BILLET, BAR PLATE, AND FORGINGS

A schematic showing the steps taken to convert the ingot is shown in
Figurres 62, 63, 64, and 65. After having been lathe turned to a 125 rms sur-
face finish and inspected, •he ingot was heated to 19500v' and press forged by
the Ladish Company to 18 inch round corner square (RCS) in one heat. Ne2xt,
the 18 inch RCS was reheated to 18000 F and press forged to 14 inch BCS. The
RCS was hot sheared to 3 lengths (101, 67 and 62 Inches) with the section
locations being based upon the discontinuity locations determined by the ultra-
sonic and radiographic inspections.

The three billets were heat treated according to a proprietary Ladish
process. After reheating to 1750°F the three billets were press forged to
10 inch RCM3. The 1.0 inch HICJ from the middle and bottom portions .,r the ingot
were hot sheared us shown in tViraure 62. The 10 inch RCS from the top portion
X the ingot was not hot sheared at thi[ stag(ge to avoid any possibility of

cutLI ng thr ,ufh the ingot pipe. If the ingot pipe was opened to the atrno-
Sphere ,.it this tage, the surfaces of the pipe would oxidize preventing the
pipe Vro',m heailing upon subsequernt, f'orging.
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dr W%11, M

24 Rd x 108 on.
7930 lb

Turn tol 125 rms

22-7/8 Dia. x 108 in.
7150 lb

X-ray and Ultrasonic Test
Draw Down to 14 RCS
Hot Shear to 3 Lengths

Thea toTttoqulLegh

14Rdx1?I, 12 lb1 CS x 64 in. 1 0 ROS x5 6n. 101;1.9 n 10 RCS x 101 in. 10fC iI
11.1 19sn2 et 3 10 lb 1 33200 94b b 1.5l 104 lb 1045 lb

Dbrawv Dout to 3 lenth Draw Down to 90 in. RCSad.Sea Draw Down to 80i in. RCSd.Ho

II liAl*8 lC R .' 14 i. R x 71. 0 RdS x 59 in.. 90 Rd 598 In. 10 Rd x
800 lb40ltrsoi 640sl 138 1130 lb 1-3C 945l 1,2 1045 lb 12 1045 lb 1011UI

Ultiv uto3lngh ra w oni n Tet Utrao ni Tes Ulti Rd.ni Te at Urdsorn' eto Ult ii l Rd.

FIGURE- OiIF

COVRION OF INdO T04in 9 INC RON B7i. 9Rdx10iLLET x9 x9

8001 640 lb 1 3D ~~160it 394 F2A15Ib ,B



9 ind illn :1~ SinRd

1. A 800lb I-14HOb]1C4~

Conversion Stock
to

4 in. RCS' 80 nrin dx.

Forging

FIGURE 63

"CONV~riSION oF- 9 INHBILLET FROM INGOT TOP
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9 in. Rd x 104 in. 9 in. x 87 in.

pi~~13 1130 lb1-C95l

6-1/2 in. Rd Stock

1-3B 1130 lb

4 in. RCSx 59 in. 1  6 in. Rd x 142 in.

S1-3B2 280 lb-3 66 5ml

in ,.. Square 0a 6 : 1 b]O:'l •,•
[~J~S~uareBar 5 pcsx5l

150 Ib 550 lb
for Disk Forgings Stock

FIGURE 64
CONVERSION OF 9 INCH BILLET FROM INGOT MIDDLE

9 in. Rd x 100 in, 9 in. Rd x 98 in. 9 in. Rd x 98 in,

1.2A 1046 lb 1-2B 1045 lb 1C045Ib

400 lb 645 lb

for Conversion Stock
to 1.1/2 in. Plate

4 in, RCS x 60 in. 6 in. Rd x 130 in, t
1-2A2 250 lb 1-2A6 600 lb

1.2A6No00sl (1) 8 in. to be crormedI from har

1 2A2 to rertrnv4I contet

2 in. Square Bar 5 pcsx50lb1cd.l

300 lb 300 lb
Wyman.Gordon

Forging
(iP 4.01 1 1 18:1

FIGURE F5
CONVERSION OF 9 INCH BILLET FROM INGOT BOTTOM
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Next, each 10 inch RCS was heated to 1750'F and press forged to 9-1/h
inch rough round. The surfaces were Tysaman ground to 9 inch round with a
125 rms surface finish.

As shown in Figures 63, 64, and 65, one piece of 9 inch round from each
of the three ingot sections was heated to 1750'F and press forged to 6 inch I
rouw( by the Ladish Company. Thes•e pieces were then converted by the Ladish
Company to 2 inch square bar and forging blanks. The 2 inch square bar was
produced by open die hammer forging at 1750 0 F 180 0 °F.

Plate, 1-1/2 inches thick, was produced from 9 inch round billets from
the top and bottom of the ingot. The 9 inch diameter billets were initially
flattened to 4-1/2 inches thick by cross die forging at 1950 0 F by RMI Company.
Finally, the two pieces were rolled on a four-high rolling mill to 1-1/2
inches thick from a furnace temperature of 1875°F. The plate was rolled

without reheating. A photograph of the two pieces of plate is shown in
Figure 66.

1,1'A I" "

1,'4 0] 1, 1 11

FIGURE 66

TWO PIECES OF ONE AND ONE-HALF INCH THICK PLATE
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FIGURE 67 '1

TWO-INCH SQUARE BAR

Wyinan-dorlon t'ctt.rod tlit al-i-friune andi jut eng~ine d~ik torgi rigs. N Lrwi ,J't
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Eight airframe forgings were produced, each weighing 25 pounds. Four of
the forgings came fl'om the inAgot top and four came from the ingot bottom.
The initial 6 inch diameter billets were shaped on open dies at 1775 0 F. After
being reheated to 1775'F, the pieces were blocked to intermediate shape on a
press and each blo('ked shape was cut in half to make two forgings. The pieces
were reheated to 1775°F and closed die press forged to the finished part
shape. Finally, the finished forgings were annealed at 1300OF for 2 hours
and air cooled.

Prior to shipping, all the forgings were grit blasted and pickled to
remove any alpha case. Photographs of the forgings are presented in Figures
68 and 69. Drawings of the forging configurations are shown in Figures 70
and 71.

FIGURE 68........
AIRFRAME FORGING

Ih(! m 1L1.ti". A Liii i mfl't anId ;b:Od 1.1,'it C,-I• e 12'1)n L i) Wi:).i : . w)l2 'c,!l-

dlctIc(:i] Ll , mani' tL ' ,11ii ,e i o all actu'vl. pr (lue .i r ni.fot,. A -..umin •un y ol' thei
p ri .:d u r ,•s II2 ,(1 I :. ;h ,wn i~n T a•d ,1 , 4e ;L1 niu' w I it the • d e t 'ail. : 2 f' ;aniu•la 'rll

A ; rt L'/ r)1' 0ii.- (21vŽi'Jn 1.2 Showh Ln Tah- e )W3.
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OP 74o01 17?.I20

FIGURE O9

JET ENGINE DISK FORGINGS

I
6 in 3 in

FIGURE 70 OP74.ot,7.121

CROSS SECTION VIEW OF JET ENGINE DISK FORGING
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TABLE 43
INGOT INVENTORY LIST

Approx.

Form Location in Original Ingot Total Dimensions
Weight (o(Ib) (in.)

4 Airframe Forgings Top (Type IU Segregates) 100 --

4 Airframe Forgins Bottom (Type I Segregates) 100 -

3 Disk Forging, Top (Type II Segregates) 160 -

3 Disk Forgings Middle (Defect Free) 150 -

3 Disk Forgings Bottom (Type I Segregates) 150 --
1.1/2 In, Plate Top (Type 11 Segregates) 450 15 W x 131 L
1.1/2 in, Plate Bottom (Type I Segregates) 405 16W x 105 L

2 in, x 2 ine Bar Top (Type U1 Segregates) 240 520 L
2 in, x 2 in. Bar Middle (Defect Free) 250 430 L
2 In. x 2 in, Bar Bottom (Type I Segregates) 250 420 L
9 In, Die Billet Top (Type I'• Segreg',,tes) 480 48 L
9 In. Die Billet Middle (Defect Free) 825 82 L
9 in, Die Billet Bottom (Type I Segregates) 1450 148 L

6 in, Dia Billet Top (Type I1 Seqrp'ates) 56 12 L
6 In, Die Billet Middi6 (DOrect Free) 330 72 L
6 in, Die Billet .Bottom (Type I Segregates) 336 88 L

1614O1I7 til
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TABLE4

COMPARISON OF IN43OT PROCESSING WITH STANDARD PRACTICE

Contract Standard Premium
Item Ti-6AI-4V Ti-6A14V

Ingot Ingot Ingot

Ingot Diameter 24 in. 24 in., 30 in., 34 in., 30 in., 34 in.,

36 in. 36 in.

Ingot Weight 7500 lb 7500 lb- 9000-

14,000 14,000

Melt Practice Double Vac, Double or Triple Double or

Short Vac or Argon, Triple

Hot-Top Long Hot-Top Vac, Lovig Hot-Top

Ingot Breakdown 1950°F 1950u-2150°F 1950 0 -2150°F

to 18 in. Square

Conversion to 1800°F 1750°,18500 F 1750 0 -1850°F

14 in. Square Round

Conversion to 17500 F 1750 0 -180 0°F 1750°-18000 F
9 in, Round & 6 in. Round

Conversion 9 in. Round 1950 0 .1875°F 1900 0 -1750°F

to 1 % in. Plate

Conversion 6 in. Round 17500 -1800OF 1750 0 -1800°F -

to 2 in. Square

Contour Forging 1750°F 1750 0 F 1750°F

OP74-0117-154

11
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3. INCPECTION OF INGOT

The ingot was inspected both radiographically and ultrasonically. Since
a previous Air Force program had been conducted to improve nondestructive
testing for inspection of titanium alloy ingots, th! inspection of the sub-4
ject ingot was not developmental in nature (Reference 2). Many of the Allis
Chalmers and Ladish Company established production inspection techniques were
utilized since the primary objective of the ingot inspection was to select
the locations for shearing the ingot after the first draw down. In addition,
certain General Electric inspection techniques were used to increase the
effectiveness of the inspections. However, the inspections were not intended
to establish the minimum detectable defect size nor to precisely detail the
location of each discontinuity in the ingot.

a. Radiography

The radiographic inspection of the ingot (125 rms surface finish)
was carried out by Allis Chalmers in Milwaukee, Wisconsin. The inspec-
tion was performed using a 24 MeV Allis Chalmers betatron and an
exposure of 1900 Roentgens, An ASTM E-142 No. 100 penetrameter was
used as an image quality indicator. Front and back lead screens,
0.060 inch thick, were used and the back-up material was one inch
thick lead. The Kodak AA film was processed manually. Figure 72
shows the plan for the exposures taken (6 circumferential positions
for each of 10 axial positions). Twelve inch wide axial areas were
exposed using 14 x 17 inch film providing for film overlap. A sche-
matic of the ingot being radiographed is in Figure 73. During the
expoLures the film was flat as opposed to being curved around the

ingot. The image of the 1T hole and the outer edge of the pene-
trameter panel were visible on all the radiographs resulting in an
equivalent penetrameter sensitivity of 0.29 percent. The density
range of the radiographs was 1.5 to 3.0 h and D units.

The results of the radiographic inspection are shown in Table 45.

The schematic in Figure 74 indicates the location of the axial and
apparett circumferential dimensions listed in Table 45. As shown at
the bottom of Figure 74, there are two possible circumferential loca-
tions for each indication since it is not possible to determine if the
indication lies on the far side or neer side of the ingot using the

chosen techniques. The ingot pipe was found to start within 2 inches
of the top of the ingot and to extend to a depth of 16 inches from the
ingot top. Low density indications were evident throughout the length
of the ingot. A total of 22 indications were located (not including
the ingot pipe) varying in approximate size from .005 x .050 inch to
.010 x .150 inch. The large accumulation of Type I segregates expected
in the bottom of the ingot apparently was unresolvable by the radio-
graphic inspection.

b. Ultrasonic Inspection

The ultrasonic inspection of the ingot was carried out at the
Ladish C,.umpany in Milwaukee, Wisconsin. Prior to the inspection, the
surface of' the ingot was lathe turned to a 125 i.ms finish. For both

170



r 7 - !r
2

" W " 1 R F M r ! - '-v

300 in. Typical
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I0 ° I ,, I I I® 300
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Circumferential Axial Positions
Positions

FIGURE 72
SCHEMATIC SHOWING EXPOSURE LAYOUT FOR RADIOGRAPHIC

INSPECTION OF INGOT

SIngot

ASTM No. 100
Penetrameter--Fi

FilmI
Source -. - - 24 in, .

4 ft

Source-tor-ilm
Distance = 6 ft

0P74.0O t 7 1il6

FIGURE 73
ARRANGEMENT FOH RADIOGRAPHIC INSPECTION OF INGOT
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TABLE 45
RESULTS OF RADIOGRAPHIC INSPECTION OF INGOT

Axial Reference Zero -edge of chamfer approximately 1.4 ini. from bottorn of ingot
Circumferential Reference Zero - plug removed for property chi.,k;

Ditac Distance fromAprxmt ie-a'n
Distance ~Circumferential Ail/Crufeta ye/

from Bottom Reference Zero Axa mircrnusri' yeL
(in.) (in.) ( is

8.7 28,5 or 64.7 10 x 100 Low Density
10.1 25 or 61.2 20 x 60 Low Density
11.5 25 or 61.2 80 x 30 Low Density
14.1 19.5 or 55.7 20 x 100 Low Density
26.4 16.5 or 52.7 30 x 50 Low Density
26.6 7 or 43 150 X 10 Minor Low Density
31.4 24.3 or 60.5 20 x 100 Low Density
35.1 3. r6763x50Low Density
41.2 6 or 42 5 x 50 Minor Low Density
43.4 17 o, 53 80 x 40 Low Dens"
53.2 0,5 or 36.8 20 x 40 Minor Low Density
54,0 0 or 36.2 50 x 2 Low Density
54.0 2.3 or 59,2 90 x 40 Low De'nsity w/Depth
59.6 18.5 cr 54.7 20 x 40(3) Low Density
60.0 28 or 64.2 50 x 50(Round) High Density
62.2 0 or 36.2 10 x 50n Low Density
62.4 25.2 or 61.2 20 x 120 Low Density
67 19.5 or 55.7 30 x 50 Low Der,

76.4 19 or 55.2 10 x 100 Low Density
86 27.5 or 6:.7 20 x 150 Low.Density

86.2 26.8 or 63 60 x 30 Low Density w/Depth
87.1 18.1 or 54.3 10 x 50 Low Density

90.5 to 107 All 18 in. all Void (Pipe) Tapers Outward
Around to Perhaps 9 in. at Approx

Indleati~ins were visually judged to be ov- -.ansity or high density. GP'14 0O1 itS?

A = Axial Dimension 1
C =Circumferential Dimernion
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Film '
GP1401 1i88rn

FIGURE 74
SCHEMATIC SHOWING AXIAL AND CIRCUMFERENTIAL DIMENSIONS
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the longitudinal and shear inspection, two separate pulser/receivers
(Sperry 1ON and Sperry 5N) were used in conjunction with two Automa-
tion Industries unfocused transducers and two Sperry 721 oscilloscopes
as shown in Figure 75. The vertical linearity of the electronic system
had been checked by Ladish within 30 days of the ingot inspection.
Each pulser/receiver was checked for noise and calibration response
on the same reference standard; there was little difference in the
response of each. As shown in Figure 76, the two transducers were
positioned 4 inches apart and the scan direction was parallel to the
longitudinal axis of the ingot.

Transducer B

4 in.-H H

Top Scan Direction

Transducer A Bottom

FIGURE 76 P74.01,7 19o

SCAN PLAN FOR INGOT

The scan rate was approximately 3 inches per second; prior to the
actual ingot inspection, the scan rate was checked on the reference
standard to ensure that the holes in the reference standard were
detectable at that scan rate. After the transducers had scanned the
full length of the ingot, the ingot was rotated less than 1/2 inch
and the scanning was continued.

During the inspection, the automatic alarm was set to trigger at
50% of the response from a 3/64 inch diameter flat bottom hole, since
the search unit may not be positioned for maximum response when it
passed over each discontinuity. Therefore, prior to the inspection,
the reference standard was checked to verify that with a 1/2 inch scan
index the response was greater than 50% of the max-mum response from
the 3/64 inch diameter flat bottom hole in the reference standard.
When an indication is found, in order to determine its actual size as

compared to the reference standard, the search unit must be manipulated
to maximize the signal response before making a value judgment.

1-4



FIGURE 75

ULTRASONIC INSPECTION OF IN(3OT
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SIJ series ceramic transducers were obtained from Automation
Industries for the ingot inspection. A group of transducers were
tuned for use with the pulser/receiver to be used in the ingot inspec-
tion. From this group, several optimum transducers were selected by
using the transducers on several. Ti-6AI-4V test blocks containing both
natural and artificial defects. The characteristics of a typical
transducer used in the ingot inspection are shown in Figure 77.

V Figure 77 shows the spectrum analysis when the transducer was

driven by a wide range pulser (Automation HRL) and also by the equip-
ment used in the inspections. As can be seen, the peak radiated
frequency using the 1ON pulser was within +10% of the specified
frequency.

Previous experience in inspecting jet engine disk forgings indi-
cated that some discontinuities undetectable using longitudinal
inspectio:n ýre detectable using sheur. Consequently, both longi-
tudinal and shear wave immersion inspections were carried out on the
ingot. The longitudinal inspection was performed using 1 inch
diameter unfocu'3ed transducers and a frequency of 2.25 Miz and a
5-inch water path. A frequency of 2.25 MHz was necessary to inspect
to the center of the 24-inch diameter ingot. The sound beam path was
as shown in Figure 78. The reference standard used for the longi-
tudinal inspection was a l4-inch diameter forged Ti-6AI-hV standard
provided by the Ladish Company with 3/64 inch diameter flat bottom
holes at metal travel distances of 6 and 7.5 inches (Figure 79). It
would have been preferred to use a reference standard with the same
diameter as the ingot (2)4 inches) but only a 14-inch diameter was
available at Ladish. During the inspection, the automatic alarm
system was set to trigger at 50% of the response from a 3/64 diameter
flat bottom hole. As mentioned previously, two pulser/receiver-
transducer arrangements were used. One channel was gated to inspect
the first 6 inches in depth of ingot and the second channel was gated
to inspect from a depth of 5 to 12 irches. The 5N pulser/receiver,
which was affected least by noise, was used for the 5-12 inch inspec-
tion. A summary of the equipment used is presented in Table h6.

Both an axial and circumferential shear wave inspection were also
performed. The same transducer and pulser/receiver arrangement was
used as was with the longitudinal inspection. Again, a scan rate of
approximately 3 inches per second vas used and the scan index was less
than 1/2 inch. The sound beam directions within the ingot are depicted
in Figure 78. With circumferential shear wave, approximately the first
5 inches of the ingot was inspected, whereas, with axial. shear, the
ingot material from the surface to the center (12 inches) was inspected.
Two 3/4 inch diameter unfocused transducers were used at a test fre-
quency of 5 MHz. The sound beam angle in water was chosen such that
the sound beam angle in the metal was h5 degrees. The water path was

h inches. The reference standard used for circumferential shear was ,t
""',.5-inch diameter forged Ti-6Al-14V standard provided by the Ladish
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Frequency Spectrum Analysis

Wide Range Pulse (Automation H R L)
---- Pulse With ION at 2.25 MHz

Ref

-10

-201

-30

I-40

-50

-60

-70

-80
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Transmitted Spectrum - MHz

Beam Width
Water Path Beam Width

"- 7.b n. 0.140

"--- 6.0 in, 0.340

Volt - 50% Power Level
~~~1~~4-Div

-- 0.2 / I
-- ~Beam I

Width II 3-- _0.140_..t t-

0.1 in./div

Mfg - Automation Serial No. . 22684 Size - 1 in.
Type- SIJ Frequency - 2.25 MHz Material • Ceramic
reflection -0.5 Dia Ball O il?4 O i• l

FIGURE 77
SEARCH UNIT ACOUSTICAL ANALYSIS
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Sound Beam 900 Sound Beam

Longitudinal

200 200

Sound Beam Sound Beam

4450

Circumferential Shear Axial Shear

FIGURE 78 11.M12

SOUND BEAM PATH
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7- ýN ..~ 77-~rn~n.~...~et

63 rms or Better

~R =7 I 1
S• ~3/64 dia Flat .

6.0 Bottom Hole

7.5

900 ±30'Typ

S900± 30'

Typ

"- "--4' 4 4-•

Longitudinal

2.50 4.75 3

0.020 in. Dia

Flat Bottom
Hole 2

14.5

63 rms or Better 4

Circumferential Shear

0.020 in. Diu T/p rms or Betto" 1/8
Flat Bottom Hole (Typ)

1- /

0 3

Axial Shear

GP74 0117 194

FIGURE 79
ULTRASONIC REFERENCE STANDARDS FOR INGOT INSPECTION
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TABLE 46
EQUIPMENT USED FOR INGOT INSPECTION

Display Units - Sperry 721
Pulser Receivers - Sperry 1iON (2 Units)

Sperry 5N (2 Units)

Transducers

Focal Spec Water
Serial Make Sie Material DitneFreq Path Use

(in.) in Water (MHz) (in.)

sli:

V 2622 A aista Ceranry Shear u

2264 utmaton1 uia ser Reeier.5 2,25r 2.N25 UnLngtudna
Sprr 5N 42Uis
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Company with 0.020 inch diameter side drilled holes drilled at metal

travel distances of 2.50 and 4.75 inches (Figure 79). Again, a. 2h-
inch diameter reference standard would have been preferred to Liatch
the ingot diameter; however, the 14-inch diameter was the largest

K[ available at Ladish. The reference standard for axial shear was as
shown in Figure 79.

The results of the ultrasonic inspection are shown in Table 47.
During the actual straight beam scanning of the ingot material, the
background noise amplitude never exceeded 20 percent of full satura-
tion. This was true for the inspection of the first 6 inches of
ingot and, also, for the 5 to 12-inch depth scan. Each indication
location was recorded with reference to the axial section, depth from
the surface, and longitudinal section. The indications in the top 16
inches of the ingot (49 indications total) are probably due to the
ingot pipe. It should also be noted that a large number of indica-
tions (76 total) are located in the bottom 48 inches of the ingot,
where the Type I alpha segregates are expected. It is possible that
several of the shear indications are from the same discontinuity as a
longitudinal wave indication. In Sections 1-2A and 1-2B, it is
apparent that several discontinuities that were detected using shear
wave were not detected by longitudina3 wave. In Section 1-2A, 11
axial shear wave indications were present with only 9 longitudinal
wave indications. In Section 1-2B, there were I! additional axial
shear wave indications. These results are further proof that discon-
tinuities can often be detected using the shear mode when they are
undetectable using The longitudinal mode. This may be due to the
orientation of the discontinuities. Also, since the wavelength crf

shear waves is less than that ,f longitudinal waves (for a constan'
frequency), the resolution capability with shear waves is probably
greater than with longitudinal waves.

An analysis of the sound transmission char,.,te-ristics indicates
that there was a difference of at least 12 dB between the reference
standards and the ingot material. Also, a variation of as much as
18 aB existed within small sections of the ingot itse f.

Dased upon these results of the ultrasonic inspection, the ingot
was cut into t-ie 8 longitudinal sections shown in Table 47 in prepa-
ration for further conversion to billet.

?I
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4. INSPECTION OF 9 INCH DIAMETER BILLET

a. Radiogranhy
The radiographic inspection of the billet Sections 1-lA, 1-2C, and

1-3B (see Table 47) was carried out by Allis Chalmers in Milwaukee,

Wisconsin. The inspection was performed using a Ah MeV Allis Chalmers
betatron and an exposure of 200 Roentgens. An ASTM No. h0 penetrameter
was used as an image quality indicator and was placed on the aource side
of the billet. Front and back lead screens, 0.060 inch thick, were used
and the back-up material was one inch thick lead. The source-to-film
distance was 9 feet and the film (Kodak M) was placed directly against
the billet material. The film was processed manually. Figure 80 shows
the plan for the exposures taken. During each exposure the fiL, .".'s
flat as opposed to being curved around the billet. Twelve inch wide
axial areas were exposed using 14 x 17 inch film to provide for over-
lapping of exposures. The image of the IT hole and the outer edge of
the penetrameter panel were visible on all the radiographs resuiting
in an equivalent penetrameter sensitivity of 0.31 percent. The film
density ranged from 1.5 to 3.0 H&D units.

The results of the radiographic inspection are shown in Table 48.
As with the ingot inspection, there are two possible cireunferential
locations for each indication since it is not possible to determine if
the indication lies on the far side or the near side of the billet using
the chosen techniques. In comparing these results with the results of
the ingot inspection, it is clear that the ingot pipe healed during con-
version to 9 inch billet. The pipe originally started within 2 inches 1f
of the ingot and extended to a depth of 16 inches.

b. Ultrasonic Inspection

The ultrasonic inspection of the 9 inch billct was carried out at
the Ladish Company in Milwaukee, WIsconsin. Two separate pulser/recei'vr,;
were used in conjunction with twn long focused transducers and two
Sperry 721 oscilloscopes. The vertical linearity of the electron i.i: syst,
had been checked by Ladish within 30 days of the Inspection. Each T)•u1•',(/
receiver was checked for noise n.:;,i calibration response on th,. !.aime ref'-
erence standard; there was little difference in the rerponse o•- .ach. A
sutmnary of' the equipment used is shown in Table 490. A- shown in F Pgure l,
the two transducers were positioned 4 inches apart and the )Ill let was
rotated such that the scan wts in a spiral. The scwi rate w-;.:n- ;' inche-
per second; prior to the actual. billet inspection, the scan rute w,:: oh.- ked
on the reference standard to ensure that the reference h.le" wre d, t,::- l. I
at a scan rate of 2 inches per, second. The scan index wasu i/i inch pr
revolution. The scan index wan:.: checked on the r'eference sf.ta-ndr!i-k t.. .-r
mine that with the chosen scan index, the response was greatet- 1,han 50 '-
cent of the maximum response from 3/Vh diameter flat bottom hle in the
reference standard.
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TABLE 48
RESULTS OF RADIOGRAPHIC INSPECTION OF 9 INCH BILLET

Ditarce Estimated Distance from Approximate Dimensions

Bill# from Billet Dist~nce Circumferential (Axial/Circumftrential) (In1)
End (in.) L• from Ingot Zero LocationBottom (in.) (in.) Film A L. Film B L8

4 105 27.1 ,J 1.1/4 x 1/8 -

11A
(Bar and Forgings 27.6 100,5 15.6 or 29.0 3/8 x 1/2 1-1/4 x 1/8
from Ingot Top) 28.5 100 15.6 or 27.8 3/16 x 3/8 6 x 1/16

29 99.8 15.2/\ 1/8 x 1/14 -

1.38
(Bar and Forgings 103.r 61 13.1 /. 1/8 x 5/16 -

from Ingot Middle)

34 10,8 27.9 1/8 x 3/8 -

77 4.7 23,65 1/4 x 3/8 --

79 4.35 23.6 /•2  3/16 x 3/8

1.2C 80 3,7 23.6 1/2 x 3/16 -

(Plate from 90 2.1 17.9 1/2 x 3/16 -

Ingot Bottom) 96 0.81 14.7 2.1/2 x 1/16 -

99 0,65 14.7 or 25.5 4 x 1/8 3 x 1/8

100 0,484 16.3 1.3/4 x 1/4 -

103 - 17.9 Z/2 I x 1/4

103 15. GL2 1 x 11/2

A, Billet enri nearelt Ingot ton, UP14 0117 tor

SThe indication was not vitblle on tecondI film.

A Sme rigre 38 for film location.

A Axial Dlniewlolll

CI Citcrfienf'lLftldl Ditu~il



TABLE 49
EQUIPMENT USED FOR 9 INCH BILLET INSPECTION

Display Units -Sperry 721
Pulser Receivers - Sperry 1ON (2 Units)

Speity 5N (2 Units)

Transducers
Focal Spec Spec Water

Serial Make Size Mater Distance Freq Freq Path UseS(in.) in Water
(n (in.) iMHz) (MHz) (in.)

26226 SlIJ Axial and Circumferential227 Automation 3/4 Dia Ceai 8.5 5 6 Se26227 Ceramic 65 6 5 Shear

FH3100 Branson 3/4 Dia Gamma 9 Est 10 5 Longitudinal, Axial and
FH3102 Ceramic Circumferential Shear

C(P74 01 I/t I

Transducer 8

00?4-Oll? IOU

FIGURE 81
SPIRAL SCAN DURING ULTRASONIC INSPECTION OF 9 INCH DIAMETER BILLET
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Several transducers were obtained for the billet inspection. These
transducers were focused, some with a focal length of approximately 9
inches in water and others with a fucal length of approximately 6.5 inches
in water. The transducers were optimized for the billet inspection using
the methods described under the ingot inspection. The transducers were
selected specifýcally for use with a specific pulser/receiver (either
Sperry 5N or Sperry lON, as applicable). Previous experience has indicated
that some discontinuities that are not detectable using the longitudinal
mode are detectable using a shear mode inspection. Consequently, both
longitudinal and shear wave immersion inspections were carried out on the
9 inch diameter billet.

The longitudinal inspection was performed using a 3/4 inch diameter
focused search unit pulsed at 5 MHz. Two Sperry 5N pulser/receivers were
used. The sound beam angle is shown in Figure 78. A 6 inch water path
was used. The reference standard used for the longitudinal inspection
was a 9.25 inch round of forged Ti-6Al-4V supplied by Ladish Company with
3/64 inch d.aameter flat bottom holes at metal travel distances of 2, 3,
and 5 inches (Figure 82).

As previously mentioned, the scan index was 1/4 inch per tevolutionof the billet and the scan rate was 2 inches per second. Both the scan
rate and the index were checked on the reference standard prior to testing.

The difference in sound transmission characteristics between the ref-
erence standard and the 9 inch billet was checked using the 9 inch round
circumferential shear reference standard and a representative piece of
billet. The pieces were set-up for straight beam immersion testing and
back-surface response through the reforence standard was adjusted to I
80 percent of saturation. Next, without changing the gain the back-
surface response through the 9 inch billet was monitored. IL was found
that there was no more than 2 dB difference between the two. Since the
circtunferential shear reference standard and the longitudinal reference
standard were machined out of the same piece of material, it was assumed
that the circumferential shear standard could be substituted for the

longitudinal standard to make these measurements.

The scanning gain was established by adjusting the response to the
hole at 5 inches metal travel to 80 percent of saturation. All discon-
tinuities whose amplitude exceeded 50 percent of saturation were evalu-
ated further. The search unit was positioned over the discontinuity and

the response was compared to that from the hole in the reference standard
with a metal travel closest to that of the discontinu'.ty.

Both an axial and circumferential shear wave inspection were performed.
The same test equipment arrangement was used as with the longitudinal

inspection. Again, a scan rate of 2 inches per sacond was used with a
scan index of 1/4 inch per revolution. Each were checked with the refer-
ence standard prior to testing. j
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ULTRASONIC REFERENCE STANDARDS FOR 9 INCH BILLET INSPECTION

188



With circumferential shear wave, approximately the first 3 inches of
the billet was inspected, whiereas with axial shear, the billet material
from surface to center (4-1/2 inches) was inspected. Billet Sections 1-1
and l-2B were inspected using two Sperry 5N pulser/receivers, two long
focused Branson transducers, 3/4 inch diameter, pulsed at 5 MHz. The sound
beam angle is shown in Figure 78. The water path was 6 inches. Billet
Sections 1-2A and 1-2C were inspected using two Sperry lON pulser/receivers,
two long focused Automation transducers, 3/4 inch in diameter, pulsed at
5 MHz. The sound beam angle is shown in Figure 76 and a water path of
5 inches was used. This arrangement was nece-sitatid by the availability
of equipment. Tha reference standard used for circumferential shear was
a 9.25 inch diameter round of forged Ti-6A1-4V supplied by the Ladish
Company with 0.020 inch diameter side drilled holes (Figure 82). The 9.25
inch diameter forged reference standard had been fabricated in a manner
similar to the 9 inch diameter billet to be inspected rosulting in littl.a
difference (less than 2 dB) in sound transmission characteristics between
the two.

A reference standard with 0.020 inch diameter side drilled holes at

metal travels of 1.5, 2, 2.5, and 2.75 inches was used for the axial shear
inspection (Figure 82).

The results of the ultrasonic inspections are shown in Table 50. The
indication found by longitudinal wave in Axial Section 1 in Longitudinal
Section 1-lA was 1.3 inches long; it is suspected that this is a section

of ingot pipe still remaining as is the 3 inch long indication found by
longitudinal wave in Axial Section 4 in Longitudinal Section 1-1C.

In Section No. 1-2A, it is apparent that several discontinuities
detected using circumferential shear wave were not detected using longi-
tudinal wave. Specifically, there were 21 circumferential shear indica-
tions and only 8 longitudinal indications in the same volume of material.
Obviously, the effectiveness of billet inspection can often be increased
by jupplementing the usual longitudinal wave inspection with a shear wave
inspection due to defect orientation and the difference in resolution
capability between longitudinal and shear waves.

c. Mkcroetý.i.ng and Anodic Etch

A cross section was cut from each of the eight 9 inch diameter billets
for etching evaluation. Prior to etching, the disks were machined flat,
Macroetching was performee by the Ladish Company using a 15% HNO - 5%
HF - Balance H2 0 solution. The general appearance of the macroetched
surfaces were similar to that of a typical commercial 9 inch round Ti-A.l-4V
billet as shown in Figures 83 and 84. Examination of all the macroe'ched
surfaces revealed only on". discontinuity. That discontinuity was located
in the disk cut f~om thebottom of the ingot; it was this area that had
been irtentionally seeded to produce Type I stabilized alpha. A photograph
of the macro-tched surface at the discontinuity is shown in Figure 85.
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FIGURE 83
TYPICAL MACROETCHED BILLET SURFACE FROM SEEDED INGOT
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TYPICAL MACROETCHED SURFACE IN COMMERCIAL 9 INCH BILLET
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After macroetching, the disks -.ere sent to Metals Testing Company in
South Windsor, Connecticut to be anodically etched. The discontinuity
detected during macroetching etched dark blue in this process. No other
obvious defects wfere revealed. However, some of the disks from the top
section of the ingot, Bar 1-1B in particular, showed patches of blue
etching alpha of a deeper shade than surrounding areas. These F.reas
did not have the typical "lightening streak," zig-zag, pattern of alu-

minum segregation found in Ti-6A1-4V forgings in the past.

Following the anodic etching, metallographic cross sections were taken
through several of the disks. One cross section was taken through the
discontinuity revealed by macroetching and anodic etching. In addition,
a total of 12 metallographic cross sections were taken at random from
several of the disks. The discontinuity previously detected by macro-
etching was found to I a typical Type I alpha stabilized void with crack-
ing around the void (See Figure 85). No additional discontinuities were
found in the random cross sections.

Since only one Type I alpha stabilized area was detected, it appears
that macroetching and anodic etching of random billet sections are iraffeO-
tire techniques for establishing the existence of Type I alpha stabilized

areas. This conclusion is based upon the assumption that a large number
of Type I discontinuities are present in the 9 inch billets as indicated
by the ultrasonic indications.

The lack of macroetching indications in the billet sections from the
top of the ingot suggests that the ingot pipe was completely healed during
ingot conversion.
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5. INSPECTION OF 6 INCH DIAMETER BILLET

a. Ultrasonic Inspection

The 6 inch diameter billet cections to be converted to bar and
forgings were ultrasonically inspected. Prior to ultrasonic inspection,
the billet surfaces were Tysaman ground to a 125 rms or better surface
finish.

A summary of the uuipment used during the inspection is 3hown in
Table 51. The inspections were carried out by a variety of inspection
personnel at several locations within the plant; hence, the large
variety of equipment. Again, as with the ingot and 9 inch diameter
billet inspections, two separate pulser/receivers were used in con-
junction with two transducers and two Sperry 721 oscilloscopes. One
pulser/receiver-transducer combination was used to inspect to a depth
of 1.5 inches while the other was used from 1 to 3 inches. The vertical
linearity of the electronic systems used had been checked by Ladish

• •ii within 30 days of the Inspection. Each pulser/receiver was checked for i

M noise and calibration response on the same reference standard; there
was little difference in the response of each.

The position of the transducers during inspection is shown in Fig- •

ure 86. The 6 inch billet sections were rotated such that the scan
was in a spiral. The scan rate was 3.9 inches per second; prior to the
actual billet inspection, the scan rate was checked on the reference
standard to ensure that the reference holes were detectable at a scan

rate of 3.9 inches per second. The scan index was 0.1 inch per revolu-
'tion. The scan index was checked on the reference standard to determine
that with the chosen scan index the response was greater than 50 percent
of the maximum response from the applicable flat bottom hole in the
reference standard. Each billet section wus examined through the half-
section thickness.

The reference standards used for the inspections are shown in Fig-
between the longitudinal reference standard and the 6 inch billet and the

axial shear reference standard and the 6 inch billet were measured.

First, the 6 inch diameter circumferential shtear and 6 inch diameter
billet were placed in the water. The back surface reflection of a
straight beam through the reference standard was adjusted to 69 percent
of saturation. Next, without changing the gol-a, the back reflection
through the 6 inch billet was noted to be 57 percent of saturation.

The axial shear reference standard and the 6 inch billet were checked
next. In this case, the sound beam in the shear mode was reflected off
a corner of the axial shear reference standard through 6 inches of metal.
The response was adjutsted to 60 percent of saturation. Then, without
changing the gain, the sound beam in the shear mode was reflected off the
far surface of the billet, and, this response was 75 percent of saturs-
tion.

It was decided, from these tests, that it was not necessary to
compensate for sound transmission differences.
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196

• r•'=, • •, ` • •,•`• `•° .•' ``. " • `'• .• . • • ••- , ... .................................



.2E .9E 2 E EE 2E

XXX XX X

u.j

LJ X X

_ _ _

9- 6._ _ _ _

': >- ._ 
- - _

0) Vt) 0V

ILI
x c U U

U) E E~ E .

E .2 2

-& :ý .2
E_ in__

- 75) 75IL

u19



a. Ultrasonic Inspection (Continued)

The results of the ultrasonic inspections are shown in Table 52.
As can be seen, there are a large number of indications in those pieces
which were converted to 2 inch square bar and forgings.

b. Radiographic Inspection

The radiographic inspection of those 6 inch diameter billet portions
to be converted into forgings was carried out at the General Electric
Company in Evendale, Ohio. The inspection was performed using a 2MeV
Vandergraf accelerator and an exposure of 650 Roentgens. A 0.015 inch
thick MIL-STD-453 penetrameter was used as an image quality indicator
and was placed on the source side of the billet. Frbnt and back lead
screens, 0.060 inch thick, were used and the back-up material was one
inch thick lead. The source-to-film distance was 4 feet and the film
(DuPont NDT 75) was placed directly against the billet material. The
film was processed manually. Figure 88 shows the plan for the expo-
sures taken. During each exposure, the film was held flat as opposed
to being curved around the billet. Twelve inch wide axial areas were
exposed using 1i x 17 inch film to provide the overlapping of exposures.
The overall film density ranged from 1.5 to 3.0 H and D units. The IT
penetrameter hole and the outer edge of the penetrameter panel were
discernible in every radiograph resulting• in an equivalent sensitivity
of 0.18 percent.

Film A

~~oo~j 4.j ..U~..12 in. Typical

00i
I I I I I I I

SI I I I I I I

0° Film B

Film C 01.17I

FIGURE 88

SCHEMATIC SHOWING EXPOSURE LAYOUT FOR RADIOGRAPHIC

INSPECTION OF 6 I,%i. BILLET

a comparison of the radiographic indications with the res'ults of' the
previous ultrasonic inspection is presented in Table 54. As can be seen
from Table 54, many more indications were discovered with• the ultrasonic
method as opposed to the radiographic method.
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TABLE 53
RESULTS OF RADIOGRAPHIC INSPECTION OF 6 INCH BILLFT 1-2A6

Forging Forging Distance mZ Approximate DimensionsBlank No. from Distance from Circumferential Zero (C) (Aximi/Circumforential) (in.)
Blank.

End & Film A J& • Film B Film C Film A Film 8 Film C

77.0 - 1/16 x 1/8 iI

7 - 2.3 - 1/16 Dia -

3 GE5 4.7/8 6.7 - - 1/32 x 1 Ma - -

1/2 6.7 - - 0.025 Dia - -

1/2 7.6 - - 0.025 Dia - -

5 GE6 2-1/4 12.1 2.35 - 0.070 Die 0.050 -

1.6 - - 16.3 - 0.0401a -D

1 G 74 0.2 16.6 13.4 7.2 0.15k 0,15 ± 0.4 ±
2.9 1.9 10.1 6.7 0.3 0.15 0.3

2.8 17.0 13.4 6.6 0.5 L• 0.4 ,• 0.3, :

2 M.1,2 8.0 0.2 11.6 7.0 0.2 0.3
8.5 0.5 11.9 6.4 - 0.3 0.3
9.7 1.3 11.7 6.2 0.5 A• 0.25 0.3

4 M.3,4 4.0 0.5 13.1 5.0 0.15 4 0.3 Dia
6.1 17.2 12.4 7.4 0.5 0.2 Dia
9.8 1.1 13.2 4.4 0.4 - 0.15 Dia

I Forging Bliatk End Neewrolt Ingot Tool

Fim Indication

CQ on Film

X Rav Source--

3 See Figure 43 for Film Location
Elipse Length

A - Axial Dimension

C - Circumferential Dimension A

OP14 01il2?
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TABLE 54
COMPARISON OF RADIOGRAPHIC AND ULTRASONIC INDICATIONS

IN 6 INCH BILLET 1-2A6

Number of Indications

Forging Billet Part Forging Ultrasonic Ultrasonic Radiography
No. No. Blank Longitudinal Shear

GE1 1.38.6 7 2 0

GE2 1.38.6 8 3 0

GE3 1-38-6 9 4 0 -

GE4 1-2A.6 1 11 4 2

GE5 1-2A-6 3 9 0 5

GE6 1.2A-6 5 9 8 2

GE7 1-1A.6 10 2 -

GE8 1.1A-6 12 6 2

GE9 1-1A-6 14 7 5 -

MCI 1-2A.6 2 19 0
MC2 1.2A-6

MC3 1-2A.6 4 9 5 3
MC4 1-2A-6
MC5 1-1A-6 11 6 2
MC6

MC7 1-1A.6 13 9 1
MC8 -

OP74.0ti 7 t26
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6.CORRELATION OF INSPECTION RESULTS

and ultrasonic inspection results for the ingot, 9 inch diameter billet
ad6inch diameter billet were analyzed to determine how many of the longi-

tudinal and shear wave indications result from the same discontinuity. A
total of 172 ultrasonic indications have been evaluated as to their location.
Of these 172 indications, only a few were 31cce enough together to consider
te shear wave And longitudinal wave indications w-ere from the same disc~on-

tnuiy. For example, there were a total of 138 indications detected by
longitudinal wave and a total of 15 indications detected by circumferential

tios wrein close proximity, it can be concluded that 15 discontinuities
weedetected by shear wave that were not detected by longitudinal wave.
Thi ma bedue to the orientation of the discontinuities. Also, since

tewavelength of shear wavns is less than that of longitudinal waves (for a
constant frequency), the resolution capability with shear waves is probably
greater than with longitudinal waves.

7. SUMMARY OF NDT RESULTS

A summsary of the ultrasonic and radiographic test results for the ingot,
these results, it can be seen that the ingot pipe, which was intentionally
exaggerated during melting, was healed during the conversion to 9 inch billet.
The total number of longitudinal indications decreased from 57 to 3 when thef total number of shear indications decreased from 11 to 2. Also, the pipe
was not detected during the radiographic inspection nf the 9 inch billet.
As can be seen from the 6 inch billet results, a large number of indications
are present in the material to be converted to bar and forgings indicating

that a large number of segregates survived the conversion procnss.

As was previously mentioned, the ultrasonic and radiographic testing
conducted on the ingot and billet material. was m.t developmental in nature
as a previous Air Force program had been conducted to improve nondestruc-
tive testing of ingot and billet material (Reference 2). The purpose of thek '. inspections was to select the locations for shearing the material for sub-
sequent conversion. It became clear during the program that several ultrasonic
techniques still need to be implemented into ultrasonic inspection of ingot
and billet as presently practiced by the industry. For example, reference
standards should be used which have metal travels extending over the depth
Frange to which the test part is to be inspected. Such reference standards
were not available for the ultrasonic inspection of the ingot. The billet
surfaces were prepared for ultrasonic inspection by Tysaman grinding and the

S. reference standards had a machined surface of 63 ruts or better. It was
learned that no compensation is normally made for this difference in surface
finish from reference standard to test part. Several other aspects of ultra-
sonic inspection do not seem to be adequately controlled through specifica-

of the pulsex/receivers and these are not normally checked periodically.
It was found that the search unit characteristics are not always required to
be checked and compensation requirements for differences in sound transmis-
sion characteristics between the reference standard and the test part are not
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7, SUMMARY OF NDT RESULTS (Continued)

well defined in some cases. Also, it was found that many of the techniques

developed in the previous Air Force developmental program on ingot and billet

inspection have not been implemented on a day-to-day basis.

Based on these observations, then, it appears that many improvements

still need to be made in areas of ingot and billet ultrasonic inspection.

Typeo Top . . Middle Bottom

Inspection Calibration 0 18 in, 29 in. 41 in, 56 in, 68 in. 81 in. 94 In. 106 in.

Axial Shear 0,020 in. 0 0 0 1, 2 ' 11 1
Circumferential Shear I 1 

-
0.020 in. 1 1 9 | 1 5 1 1 3 0

I I' -- -- got 23.1/2 in. Dia
Longitudinal 0,047 in. 48 3 6 1 1 6 8 1 1 6 1 38

Radiography #100 Pipe 3 1 1 1 5 4 1 3 2 4

0 76 in, 120 in. 182 in, 0 103 in. 189 in, 0 99 In. 192 in. 291 In, 4

Axial Shear 0.020 In, 1 0 0 X X 0 0 0
Circumferential Shear . . .

0.020 in, 1 0 1 X X 21 0 10
Longitdinal-- Billet 9 in. Dia

Longitudiral 0,047 in, 2 0 1 1 6 8 7 28

Radiography #40 5 X X 1X X 10

(1.1A) Plate Stock (1.38) Stock (1.2A) Stock Plat@
(1-28) Stock

0 80 in. 158 in, 0 59 in. 139 in. 201 in, 0 60 in. 135 in. 190 in,

Axial Shear 0.020 in, 0 0 1 0 0 1 1 0
Circumferential Shear 2-

0.020 in. 3 2'1 4 0 3 0 12A•Longitudinal 0.031n. 68 (3) 47(0) 61 (1) 35(2) 2(0) 42(10) 66(7) 30(2) Billet6in. Dis

Radiography X 0 X X 0 16 X

Bar 6 Bar Stock 3 Bar 6 Stock
Stock Forging$ (1.3B2) Forgings (1.2A2) Forgings

0(11A6) (1.1A6.Ti) 1313B) (1.0A6)

Number in Parenthesli is the number of the

Indliations which aid a saturated respone.. oPE14 01 a 2o0

X Not Dome FIGURE 89
SUMMARY OF NDT RESULTS
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SECTION V

NDT CAPABILITY

The capability of the improved penetrant, ultrasonic, eddy current, and
radiographic methods for the detection of discontinuities was measured.
Discontinuity types used were surface cracks, internal cracks, porosity,
fatigue cracks in fastener holes, and Tlype I and Type II segregation in bar,

plate, airframe forgings, and engine disk forgings. Many of the test specimens
were inspected under laboratory, production, and overhaul inspection conditions
by Jet engine inspection personnel and airframe inspection personnel. The
nondestructive testing techniques were intended to represent the present
state-of-the-art; however, where possible, technique improvements developed
earlier in the program were incorporated. Finally the actual size of several
of the various discontinuities were measured.r. SURFACE CONNECTED CRACKS

A program was carried out in order to measure the capability of penetrant,
ultrasonic, radlographic, and eddy current testing for detection of surface
cracks in titanium. A summary of the test program is presented in Table 55.

TABLE 55
SUMMARY OF INSPECTION METHODS USED

FOR DETECTION OF SURFACE CRACKS

Environment Testing Group Test Method

Fluorescent Penetrant
Laboratory Airframe Eddy Current

Fluorescent Penetrant
Production Airframe Surface Wave Ultrasonics

Contact Angle Beam Ultrasonics
Radiography

Overhaul Airframe Fluoruscont Penetrant

Laboratory Engine Fluorescent Penetrant

Production Engine Fluorescent Penetrant

Laboratory AFML Fluorescent Penetrant
OP74-O~t I

a. Tension - Tension Fatigue Specimen Fabrication

Specimens containing surface connected cracks were produced by sub-
Jecting fatigue specimens (see Figure 90) to tension-tension fatigue
using a 50,000 pound Sonntag fatigue machine. Electrical discharge
machined (EDM) slots were incorporated at various locations to serve as
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fatigue crack initiators (see Figure 90). During fatiguing a cyclic rate
of 30 cycles per second was used. A summary of the fatigue parameters i! ,
shown in Table 56. As shown, more than one crack was produced in several
specimens. Therefore, the same specimen number may appear in more than
one location in Table 56. The fatigue cracks were grown to predetermined
lengths by optically monitoring the crack growth. For those specimens
which had more than one EDM slot, the crack in Position A was monitored.
After the fatigue cracks were grown, the grip ends were cut off the
specimens and the EDM slots were machined off. The surface finish after
machining was better than 6. rms. A set of specimens were selected from
the group such that ten cracks were available in each of the following
crack length ranges:

less than .025 inch
.025 to .050 inch
.050 to .10 inch
.10 to .25 inch
.25 to .50 inch

b. Liquid Penetrant Testing of Tension-Tension Fatigue Specimens

(1) Laboratory Inspection

The test specimens described in Table 56 were all penetrant

inspected under laboratory conditions using a high sensitivity fluorescent
penetrant system. Tracer-Tech P-133 penetrant was used, along with
Tracer-Tech D499C nonaqueous wet developer. This system is equivalent
in sensitivity to a MIL-I-25135, Group VI system. A laboratory NDT
specialist, with several years experienc'., with penetrant inspection,
performed the inspections using laboratory equipment. The technician
did not know the location of the cracks in the specimens. The specimens
were first alkaline cleaned, pickled to remove 0.0004 inch from each
s'.!rface, and water rinsed. Next, the specimens were vapor deGreased for
16 hours. Penetrant was applied by dipping. A penetrant dwell time of'
10 minutes was used and the specimens were allowed to drain in air during
that period of time. Excess penetrant was removed using a Tri-Con 100501
water spray nozzle; the wash water temperature was approximately 70°F and
the wash water pressure was approximately 40 psi. The specimens were
washed until clean under 200 microwatts per cm2 of ultraviolet light.
Next, the specimens were dried for 20 minutes in a circulating air oven 1
at 170 0 F. After a bleed-out time of 5 minutes, the specimens were
visually examined for crack indications. Prior to examining the specimerizi,
the laboratory inspector allowed 5 minutes for his eyes to adapt to the
darkness of the inspection booth. During the inspection, the ultraviolct-
light intensity at the specimen surface was greater than 6,000 microwattL,
per cm2 as measured with the Ulkraviolet Products BLAK RAY UV meter,
Model J-221, and the visible light level in the inspoction booth was less
than 1/2 foot candle as measured with the Photo Research White-')Spectra
Illuminator Meter, Model FC-200A. The laboratory NDT specialist was
instructed to mark linear indications. Rounded indications were not
considered. The inspections were performed on 3 separate occasions. The
first round consisted of inspecting approximately 60 pieces which included
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TABLE 56
PARAMETERS FOR SURFACE CONNECTED CRACKS MADE BY TENSION- TENSION

FATIGUE (STRESS RATIO - 0.1)

Target Elox Specimen Load Number of
Crack Length Size Number (Ib) Cycles

(in.) (in.)

39 33,750 333,000

45 33,750 158,000

47 33,750/45,000 480,000/35,000 A\
53 45,000 50,000

Less 54 41,000II
Than 0.015 x 0.05 x 0.003 55 35,000

0.025 65 44,000 .1
70 35,000

76 31,000 A

77 31,000
81 _ _35,000/ -

34 45,000 28,000

13 12,000o"
14 18,000

k0 67 28,000/ 3

to 0.030 x 0.010 x 0.003 57 38,000
0050 �64 24,000 Z

66 37,000LZ

72 55,000
73 35,000

75 3 4 ,0 0 0

33 33,760 35,000

35 I 44,000

24 95,000
00038 84,000

to 0,060 x 0.020 x 0.005 38 71:000
49 55,000

0.100 56 65,000

14 32,000

63 45,000
18 86,000

OP140 I11I 21V
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TABLE 56 (Continued)
PARAMETERS FOR SURFACE CONNECTED CRACKS MADE BY TENSION - TENSION

FATIGUE (STRESS RATIO - 0.1)

Target Elox Specimen Load Number of
Crack Length Size (lb) Cycles( Number(b)yce

(in.) (in.)I

3 33,750 104,000

4 152,000
9 138,000

0.100 11 114,000

to 0.060 x 0.020 x 0.005 13 81,000

0.25 15 168,000
19 148,000
20 129,000
25 146,000
27 _ _141,000

2 33,750 201,000
8 132,000

12 199,000
21 135,0000.25
22 110,000 •i

to 0.060 x 0.020 x 0.005 21,
23 122,000

0.50
28 113,000
29 115,000
30 81,000
31 123,000

Target length was 0.O0-3 in. Specimen surface was machined tu reduce crack length to 0,025 to 0.050 in. range
Salt wae applied to the E lox after 320,000 cycles
Salt was applicd initially

4 Fatigued for 490,000 cycles at 33,750 Ib; then another 35.000 cydles at 45,000 lb

GP 74-0 17.220

Cracks *

bI

!.0

2 in.Test Specimen
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'25 uncracked "dummy" specimens. The second and third rounds were performed
on approximately 12 pieces of which 4 were uncracked dummies. Each
specimen was steel stamped with an identification number which was random
and bore no relationship to the crack size in the specimen.

The results of the inspectioin are presented in Table 57.

The test data is binomial in that each flaw is either detected
or not detected. Consequently, the data can be presented in terms of the
probability of detection. The confidence of the test was established
at 95 percent and it was desired to find the crack size range at which the
probability of detecuion is greater than 90 percent. As can be seen from
Table 57, for cracks .025 to .050 inch long, 30 out of 30 were detected.
These results indicate that, 95 percent of the time, the probability of

detecting cracks .025 to .050 inch long is at least 90 percent. If one
considers the data for all cracks greater than .025 inch long, it can be
said that, 95 percent of the time, at least 95 percent of the cracks will
be detected.

During the entire laboratory testing, a total of two false
indications were marked. A false indication, for the purposes of these
tests, was considored an indication located where cracks were not
intentionally grown. No measures were taken to determine the origin of
the false indications (surface pits, scratches, etc.).

(2) Production Inspection

The test specimens described above were penetrant inspected
using production facilities and iuspection personnel. The test specimens
were initial.y vapor degreased for 16 hours after the laboratory
inpsection effort previously described had been completed. Penetrant
inspection was performed using Tracer-Tech P-133A fluorescent penetrant
and D499C nonaqueous wet developer. This system is equivalent in
sensitivity to a MIL-I-25135, Group VI system. The specimens were immersed

for 10 minutes in the penetrant and fhen excess penetrant was removed by
water spray washing using a Tri-Con 400501 nozzle, a wash water pressure
of h0 psi and a water tomperature of 780F. The specimens were washea
until they appeared clean under 200 microwatts per cm2 of ultraviolet
light. After having been dried with forced air heated to 1590 F, the
specimens were sprayed with Tracer-Tech D499C nonaqueous wet developer.
A Devilbiss Co. type MBC 715893 spray gun was used with a 1 quart type KR
suction feed cup. After a 15 minute bleed-out time, the specimens were
examined by a production penetrant inspector, designated Inspector A. All
the production penetrant inspectors used for the program have been qualified
to Level II of ASNT Recommended Practice No. SNT-TC-lA, Supplement D.
The ultraviolet light intensity at the inspection surface was greater than
6,000 microwatts per cm2 as measured with an Ultraviolet Products, Inc.
BLAK-RAY UV meter, Model J-221, and the background white light level was
less than 1 foot candle as measured with a Weston 703 meter. Prior to
inspecting the specimens, the inspector allowed 5 minutes for dark
adaptation. The specimens were inspected in batches of approximately 30
pieces of which approximately 10 pieces were uncracked "dummies". The
inspectors and supervisors were not aware of the location of any of the
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TABLE 57
RESULTS O' LABORATORY PENETRANT INSPECTION

CMAs Loqe o Laharutury Pumovent Inpeco ______ TeLootle ..... xe

Letbn A II C 0 Detection

Leos C 35 I ii
Than A 63 1/1
0,025 A 54 1/1

A 55 0/1 6/10
A 63 1/1
C 63 1/1
B 65 0/1
A 70 0/1
A 76 1/1
A 77 0/1

0.025- A 33 3
0.050 B 33 3/3

A 35 3/3 At least
A 39 3/3 30/30 90%
A 45 3/3
a 57 3/3
A 65 3/3
B 70 3/3
A 75 3/3
A 81 3/3

0.050 A 29 1/1
0.10 A 34 1/1

A 38 1/1
B 39 1/1
A 47 1/1 10/10
A 49 1/1
B 56 1/1
B 57 1/1
A 59 1/1
A 73 1/1

0.10- A 3 1/1
0.25 A 9 1/1

SB 9 1/1
A 11 1/1

A 15 1/1 10/10
A 25 1/1

i'A 56 1/1

A 64 1/1
iA 66 1/1

A 72 1/1

0.25- A 8 1/1
0.50 A 12 1/1

A 21 1/1
A 22 1/1 10/10
A 23 1/1
A 28 1/1
C 29 1/1SA 30 1/1

B 30 1/1
A 31 1/1

S96 percent confidence lvel P14. 0117-2
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cracks from OnIL inspection to another. During each inspection, the
crack locations were marked with a china marker pencil and returned to
an -ngineer for evalua.ion. After the data was recorded by the engineer,

• the specimens were vapor degreased for 16 hours to remove residual

penetrant. A total of 6 production penetrant inspectors were used in
the study. The results of the inspections of each specimen is shown in
MT able 58. The test results indicate that, 95 percent of tho time (95 percent
confidence level), the probability of detecting cracks .050 to .10 inch long
is at least 88 percent. Obviously by choosing an NDT plan, the overall crack
detection capability for a particular part can be increased. For example, the
penetrant might be followed by surface wave and contact angle beam ultrasonic
inspections. It also should be noted that these results are statistically
relevant to the actual test including the penetrant materials, processing
equipment, and inspectors actually used in these tests.1'Ele number of false crack indications detected by Inspectors D,
E, and F are shown in Table 59 as a function of the number of pieces
examined, including uncracked dummies. For the purposes of these tests, i
false indication was considered an indication in a location where a crack
was not intentionally grown. No efforts were take:; to determine the source
of false indications (surface pits, scratches, etc.). As can be seen,
quite a large number of false indication was recorded. There appears to
be a difference between inspectors in this respect because Inspector D
recorded approximately 1 false indication for every 2 pieces examined,
Inspector E recorded approximately 1 false ind.,:ation for every one
piece examined, and Inspector F recorded approximately 1 false indication
for every 3 pieces examined.

It was not possible t: measure the number of false indications
recorded by Inspectors A, B, and C since these 3 inspectors recorded all
penetrant indications, be they rounded or linear indications.

A compurison of the detection capability of each inspector is
shown in Table (10. For the larger crack sizes, there is little difference
among the varLuus inspectors. However, for the smaller cracks there
appearJ to be a significant difference. For the cracks with lengths tp
to .050 inch, Inspector E detected only 2 of 34 cracks whereas Inspector
D detected 4'( of 81 and Inspector F detected 22 of 28.

Several of the cracks went undetected more often than others.

The data for actual crack size (see Section 1-k) was examined to determine
if the size of those cracks varied from the more "detectable" cracks within
a crack size range but no correlation was found. For example, crack

No. 65B was detected 7 of 12 times whereas crack No. 38A was detected 12
of 12 times. The actual size of each, however, was nearly the same
(.080 x .020 inch versus .070 x .025 inch

(3) Overhaul Inspection

The test specimens described in Table 56 were penetrant inspected
at a facility representative of a penetrant inspection at an overhaul
facility. This facility is a converted overhaul inspection facility where
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TABLE 58
RESULTS OF PRODUCTION PENETRANT INSPECTION

Crack L ngth Ca Production Peanetrant Inspector Probability
langs Cratk ion men ......_Total of 1.(in.) Ltn N. A B C 0 E F Detection

Less C 35 0.1 - - 4/7 01 2/3
Than A 53 1/1 - - 2/3 0/1 -
0,025 A 54 1/1 - - 6/7 0/2 -

A 55 0/1 - - 2/7 0/2 - At least
A 63 0/1 - - 5/7 0/2 - 37/05 34%
C 63 I 1/1 - - 2/7 0/2 -
B 65 0/1 - - 1/3 0/1 1/3
A 70 0/1 . 2/3 0/2 2/3
A 76 0/1 - -0 4/7 /2 3
A 77 0/1 - - 1/7 0/2 -

0.025. A 33 0/1 - - 3/3 1/2 3/3 :

0.050 B 33 0/1 - - 1/3 0/2 2/3
A 35 1/1 - - 6/7 0/2 2/3
A 39 1/1 - - - - 1/1 At least
A 45 1/1 - -. 0/2 - 45/68 59%
B 57 1/1 - -. - - -
A 65 1/1 - - 2/3 0/2 3/3
B 70 1/1 - - 2/3 0/2 3/3

A 75 1/1 - - 1/1 1/2 -
A 81 1/1 - - 3/3 0/2 3/3

0.050. A 29 5/5 2/3 1/1 2/3 .
0,10 A 34 5/5 3/3 1/1 3/3 - -

A 38 5/5 3/3 1/1 3/3 - -

B 39 4/5 3/3 1/1 3/3 1/1 At least
A 47 5/5 3/3 1/1 3/3 -- - 110/119 88%
A 49 5/5 3/3 1/1 3/3 - -
B 56 3/5 1/3 1/1 2/3 -

B 57 4/5 3/3 1/1 3/3 -. -

A 59 4/4 3/3 1/1 3/3
A 73 5/5 3/3 1/1 3/3 - -

0.10. A 3 3/3 3/3 1/1 5/5 - -

0.25 A 9 3/3 3/3 1/1 3/3 - -

B 9 3/3 3/3 1/1 3/3 - -
A 11 3/3 3/3 1/1 3/3 - -
A 15 3/2 3/3 1/1 3/3 - - At least
A 25 3/3 3/3 1/1 3/3 - - 10!/1(. 94%
A 56 2/2 3/3 1/1 3/3 - -
A 64 3/3 3/3 1/1 3/3 - -

A 66 3/3 3/3 1/1 5/5 - -
A 72 3/3 2/3 1/1 2/3 - -

0.25. A 8 1/1 - - 6/6 2/2 -
0,50 A 12 1/1 - - 6/6 2/2 -

A 21 1/1 - - 7/7 2/2 -

A 22 1/1 - - 7/7 2/2 -
A 23 1/1 - - 7/7 2/2 -At least J

A 28 li -- 7/7 2/2 - 87/89 93%
C 29 1/1 ..- - -

A 30 1/1 - 7/7 2/2 -

B 30 1/1 - 5/7 2/2 -

A 31 1/1 - - 7/7 2/2 -

S95 petcent co nfld qnce SlVel
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TABLE 59
NUMBER OF FALSE INDICATIONS - PRODUCTION

PENETRANT INP4 ECTION

Inspector Total Number of Pieces Inspected Total Number of False Indications

D 249 138

E 56 69

OP?401 17 .i

TABLE 60
COMPARISON OF PRODUCI' N PENETRANT INSPECTORS

Crack Length Total Number of Cracks Detected
Range I(in.) A B C D E F

Less than 0.025 3of10 - - 29of58 0of18 5of9

0.025 -0.050 8of 10 - - 18of 23 2of 16 17of 19

0.050 - 0.100 45 of 49 27 of 30 10 of 10 28 of 30 - -

0.100-0.250 29 of 29 29 of 30 10of 10 33of 34 - -

0.250-0.500 10of10 - - 59of61 18of18 -
OP 14-01i7-9
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production parts are now inspected. For this inspection, Sherwin HM-3
penetrant, a water washable fluorescent penetrant, was used along with
Sherwin D-lO0 nonaqueous wet developer. This system is equivalent in
sensitivity to a MIL-I-25135, Group VI system. Prior to penetrant
inspection, the specimens were cleaned by trichlorethylene vapor de-
greasing for 16 hours. The specimens were immersed in the penetrant and
allowed to drain in air for 10 minutes after which excess penetrant was
spray washed off with a Magnaflux 3070 nozzle. The water pressure was
h0 psi and the water temperature was 90 0 F. Next, the specimens were dried
in an oven for 10 minutes at 1400F. The developer was applied and after

a 5 minute development time the parts were inspected in a dark inspection
boota. The two inspectors allowed for a dark adaptation time of 5 minutes
and the ultraviolet light intensity at the test part surface was 4,300

microwatts/cm2 . The white light intensity in the booth was less than
2 foot candles. During the inspection, the inspector marked all linear
indications; rounded indications were not considered for this study.

The results of the overhaul inspection are presented in Table 61.
These test results indicate that, 95 percent of the time, the probability
of detecting cracks .025 to .050 inch long is at least 80 percent. For
cracks .050 to .00 inch long, the probability increases to 98 percent.

The total number of false indications recorded by each inspector
as a function of the number of pieces inspected, which includes uncracked
dummies, is shown in Table 62. As in the case of the production penetrant
inspections, there is a large variation in the number of false indications
from one inspector to another.

From these results, it would seem that an overhaul penetrant
inspection is more effective than a production penetrant inspection. Such
generalizations can be misleading, however. For example, two different
penetrant systems were used. Even though the two penetrant systems are
both equivalent in sensitivity to a MIL-T-25135, Group VI penetrant
there probably is a difference in sensitivity between the two since the
MIL-I-25135 sensitivity test is qualitative in nature. Also, the work
load in the inspection area at the time of testing can influence the
results as this will affect the amount of time an inspector can spend
examining a particular piece.

c. Ultrasonic Surface Wave Ultrasonic Inspection

(1) Production Inspection

The test specimens described in Table 56 were all ultrasonically

inspected using contact surface wave techniques. The inspections were
performed in a production ultrasonic inspection facility using production
inspectors. A 1/h x 1/4 inch, 2 1/h M1z lead metaniobai e: earch anit
(S/N CF2761L) was used along with a Sperry UM721 (S/N 59697) and a I0S dB
pulser/receiver (S/N 3719-0). The couplant was 20W oil.

Several couplants were evaluated prior to selecting 20 W oil.
Penetrant emulsifier, 20W oil, 90W oil, and 40-20W oil were all
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TABLE 61
RESULTS OF OVERHAUL PENETRANT INSPECTION

Crack Length Cack SWI Overhaul Penetrant Inspector Prbeebllt^
Range TeACl ofNAC(in.) LNo A I C 0 Detection

Less C 35 1/2 -

Than A 53 1/1 -

0.025 A 54 1/1 -

A 55 0/1 - 8/15
A 63 0/1 -

C 63 1/1 -

B 65 2/3 -
A 70 2/3 -
A 76 0/1 -

A 77 0/1 -

0.025- A 33 3/3 -
0.050 B 33 1/3 -

A 35 2/3 -

A 39 3/3 2/2 At least
A 45 3/3 - 31/34 80%

B 57 3/3 2/2
A 65 3/3 -

a 70 3/3 -
A 75 3/3 -
A 81 3/3 -

0.050 A 29 3/3 2/2
0.10 A 34 3/3 2/2

A 38 3/3 2/2
B 39 3/3 2/2 At least
A 47 3/3 2/2 50/50 94%

A 49 3/3 2/2
B 56 3/3 2/2
8 57 3/3 2/2

A 59 3/3 2/2
A 73 3/3 2/2

0.10 A 3 1/1
0,25 A g 1/1

A I 1 1/1 -

A 15 1/1 - 14/14
A 25 1/1 -
A 56 3/3 2/2
A 64 1/1 -

A 66 1/1 -

0.25 A 8 1/1 -
().B0 A 12 1/1

A 21 1/1
A 22 1/1
A 23 1/1 14/14
A 28 1/1

G 29 3/3 2 72
A 30 1/1

A 31 1/1

tiP74,01 J I.10
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TABLE 62

NUMBER OF FALSE INDICATIONS- OVERHAUL PENETRANT INSPECTION

Number Number
Inspector of Pieces of False

Examined Indications

A 122 44

B 30 2

GP 1401 7 253

investigated. A 0.125 inch thick reference standard containing an EDM
notch which is .010 inch wide, .029 inch deep and .057 inch long
(equivalent in reflectinig area to a 3/64 inch diameter flat bottom hole)
was used in conjunction with the search imit. The couplant was applied
to the surface and the signal from the EDM notch at a 4 Inch metal
travel was a~justed to 80 percent of saturation. The search unit was
held steady and the variation in signal amplitude was observed. It wav
found that the 90 weight oil and the 20W oil provided a constant signal
amplitude whereas the signal dropped 0.6 i.nch in a 15 second period
with the 40-20W oil and 0.8 inch with the emulsifier.

The scanning gain was established with an Elox slot (.057 long x
.029 deep x .010 wide) in a .125 inch thick piece of Ti-61l-IhV machined
to 63 rms or better. The scanning gain was established by peaking the
signal from the slot at the metal travel distance which yielded the
maximum response and adjusting the signal to 80% of saturation. At that
gain, a distance-amplitude correction (DAC) curve was constructed at
metal travels of 1-1/2, 2, 2-1/2, 3, 3-1/2, and 4 inches by marking the
amplitudes on the CRT and drawing a smooth curve througth the points.
Finally, the gain was increased by subtracting 19 dB of attenuation. This,
then, is approximately equivalent to setting the response from an Elox
slot .019 inch long x .0095 inch deep x .010 inch wide (equivalent in
area to a 1/64 inch diameter flat bottom hole) to 80% of saturation on
the ORT.

At that gain level, each 2 x 6 inch test specimen was hand
scanned as shown in Figure 91. The search unit was swiveled from right
to left, through an included angle ..o approximately 60 degrees during
each scan. All indications with amplitudes equal to or greater than the
DAC curve were narked on the surface of the specimen using a china marker
pencil. No attempt waa made to evaluate the size of the cracks. Although

many of the cracks were detected, their amplitude did not exceed the
DAC curve and were, therefore, not recorded as being detected.

Considerable difficulty was encountered in establishing a
reproducible distance-amplitude curve during the surface wave testing.
The amplitude of the response was very sensitive to variationsa in hand
pressure on the search unit. In order to demonstrate this effect, It DAC
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curves were constructed. (see Figure 92). Two of~ the curves a~re for the
same technician (designated B). As can be seen, the variation between
technicians (designated A, B, and C) can become significant at the
larger metal travels. In addition, there is a significant variation
between the two curves for the same technician (designated B).

Obviously, with such variations it would be difficult to accurately
determine the size of a discontinuity in a test part. This was of no
consequence for the surface wave testing performed on the cracked
specimens since the objective was only to detect the cracks and not to
evaluate their size.

The results of the pro'duction aurface wave testing are shown in
Table 63. A notation such as 3/3 indicates that 3 cracks were detected

2

0
0 12 3 4

Metal Travel -In.

FIGURE 92r DISTANCE AMPLITUDE CORRECTION (DAC) CURVES FOR THREE

REPRESENTATIVE TECHNICIANS

219



N_____ _MwV_,_v

TABLE 63
RESULTS OF PRODUCTION SURFACE WAVE ULTRASONIC INSPECTIONS

Creek Loqtn d Production Surface Wave Ultrasoni. Inspector ] ProbabilityAmmill rc SN Total i f .
Leowden Ao. A I C 0 ! Detection

Less C 35 0/1 0/1 - 0/1 0/7 3 of 66 At least
Than A 53 - - - 0/1 0/2® 1%
0.02E. A 54 - - - 0/1 0/2

A 55 - - - 0/1 1/6i(2
A 63 - - - 0/1 0/5
C 63 - - - 0/1 0/5
B 65 1/1 0 /1 - 0/1 0/7D
A 70 1/1 - - 0/1 0/7
A 76 - - 0/1 0/6®
A 77 - 0/1 0/5 1

0.025* A 33 - - 1/1 1/2 0)
0.050 B 33 - - - 0/1 ® 0/2

A 36 1/1 0/1 - 0/1 0/5
A 39 1/1 2/2 1/1 - 2/2
A 45 -- - 0/50
B 57 3/3c(2 2/3 - - 0/6 At least
A 65 0/1 0/1 - 0/1 0/7 15 of 62 18%
B 70 1/1 0/1 - 0/1® 0/5
A 75 . .-. . 0/5
A 81 - - 0/1 0/2

0.50. A 29 3/3 Q 2/3® - - 1/2
0.10 A 34 2/2(U 3/3 - - 1/3

A 38 3/3O( 2/30 0/1
B 39 0/1 2/2 1/1 -. 0/2
A 47 0/2 0/3 0/1 - - At least
A 49 3/3 (4) 0/3 -- - 0/2 40 of 77 47%
B 56 3/3 0/3 )- - 0/1
B 57 1/3Q 0/3Qj• - - 2/5
A 59 3/3 2/3 - 4/4 1Q
A 73 2/2 3 0/3 0/1 -

0.10- A 3 1/2 6 1/3 -- - 0/2
0.25 A 9 2/25 2/2 - - 1/1

B 9 1/2 2/2 ... 1/1
A 11 3/3 4 2/2 .... 1/1
A 15 2/2 3 2/2 1/1 - At least
A 25 1/2 5 2/2 0/1 - 0/4 55 of 68 74%
A 56 3/3 4 3/3 1/1
A 64 3/3 12 2/2 1/1(.6 -- 4/4
A 66 1/1 2/2 1/1( 2 4/5
A 72 1/1 2/2 1/1 - 0/1

0,25. A B - - -.. -
0.50 A 12 . ... 4/4 5

A 21 - 0/1 3/5 1
A 22 1/1 1/1Q D 1/101 5/5 2)
A 23 - - 0/1 6/63 At least

SA 28 1/1 4( 1/1 -. 1/1 515 64 of 59 84%

C 29 3/3 3/3 - 3/3A 30 1/1 1/1 - 1/1 5/1 4 5
A 30 1/1 1/1 1/1

A 31 1/10 1/1® - 0/1i® 6/8Q ( IINotel: Number of falsel Indications are noted In citcllt 95R potmt r,-fitncs val22
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out of 3 crack present. A comparison of these results with the production
penetrant results would seem to indicate that the penetrant method is
more reliable for detecting surface cracks (see Table 64).

From these results; it would appear that the surface wave method
is not very effective. It should be pointed out, however, that as die-
cussed below, the surface wave has an effective depth of penetration
which allows subsurface cracks to be detected. Consequently, an effective
NDT plan for machined parts might include a penetrant inspection to detect
surfPce cracks and a surface wave inspection to detect both surface and
subsurface cracks.

A comparison of the capability of the various inspectors is
shown in Table 65.

TABLE 64
COMPARISON OF PENETRANT AND SURFACE WAVE TEST RESULTS

Number Cracks Detected Probability of Detection
Crack Length

fin.) Penettant Surface Penetrant Surface
Wave Wave

Less Then 0,025 37 of 95 3 of 66 At least 34% At least 1 %
0.025.0.050 45 of 68 16 of 62 At least 59% At least 18%

0.050-0.10 110 of 119 40of 77 At least 88% At least 47%

0.10.0.25 101 of 103 55 of S8 At ktst 94% At least 74%

0.25-C-.50 87 of 89 54 of 59 At least 93% At least 84%

95 Dercent confidence level. (14.0fl7 231

As in the case of the production penetrant tests, there appears
to be a significant variation in inspector capability. For the surface
wave tests, however, this variation extends to the larger crack sizes.
For example, for cracks .10 to .25 inch long, Operator A detected 19 of
21 cracks wnereas Operator E detected only 12 of 20. If the results fromOperator E were not considered, the overall detection capability forcracks .10 to .25 inch long would increase to 43 of 48 from 55 of 68.

A number of the larger cracks were detected from both sides of
the specimens during the surface wave inspection as shown in Table 66.
An estimate of the depth of penetration of the surface wave can be
determined by considering the actual depth of the cracks. Several of
these cracks were intentionally fractured to measure the actual depth of
the crack. An estimate of the depth of penetration of the surface wave
in the 3/8 inch thick specimens appears below.
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Specimen Crack Crack Estimated Depth of Penetration
No. Length Depth of Surface Wave (Inches)

(Inches) (Inches)

38 .070 .025 .350
56(B) .080 .020 .35559 .090 .030 .345

11 .070 .070 .305
15 .200 .070 .305
25 .15 .020 .355
56(A) .125 .035 .3o0
30(A) .48 .18 .195

TABLE 65
SUMMARY OF CRACK DETECTION CAPABILITY

OF SURFACE WAVE ULTRASONICS BY OPERATOR

Crack Length Operator
(In.) A B C 0 E

Less than 0.025 2/3 0/2 - 0/10 1/51

0,025 - 0,050 6/7 4/8 1/1 1/6 3/40

0.050 - 0.100 20/25 11/29 1/4 - 8/19

0.100 - 0.250 19/21 20/22 4/5 - 12/20

0.250 - 0.500 8/8 8/8 - 4/7 34/36
2P242t 17.11

II
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TABLE 66
CRACKS DETECI tWD FROM BO rH SIDES OF SPECIMEN BY SURFACE
WAVE ULTRASONICS (SUMMATION OF 5 OPERATORS)

Crack Length Specimen Nnmber of TImes Crack
(in.) No. Detected from Both Sides

29 1 of 3

38 1 of I

0.050-0.10 49 1 of 3

56 1 of 3

59 1 of 3

9(A) 1 of 2

9(B) 1 of 2

11 2of3
0.100-0.25 15 1 of 2

25 1 of 2

56 1 of 3

12 1 of I

22 2 of 2

23 3 of 6

2s 4 of 70.250-0.50

29 8 of 10

30(A) 4 of 5

30(B) 2 of 2

31 2 of 7
223_7-.0117-1v

I!
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From these results, it can be concluded that the ultrasonic surface
wave from a 1/h x i/h inch, 2 i/h MHz lead metaniobate search unit
penetrates to a depth of at least .355 inch in Ti-6Al-hV. This information
may prove useful in deciding if it is necessary to inspect a part from
2 sides or one side.

A tabulation of the false indications recorded by each inspector
during the surface wave inspections as a function of the number of pieces
examined, including uncracked dummies, is shown in Table 67.

TABLE 67
SUMMARY OF FALSE INDICATIONS - ULTRASONIC SURFACE WAVE

Inspector Number of Specimens Examined Number of False Indications

A 62 116 •

B 70 22

C 15 4

D 27 13

E 190 41
GP-4.011720

Again, a false indication was defined as an indication in a location where
a crack was not intentionally grown. As in the case of the penetrant
inspections, the number of false indications per pieces inspected varied
considerably from one inspector to another. The overall ratio of false
indications per piece inspected was 0.54 for surface wave and 0.65 for
penetrant. It should be mentioned that several of the false Indications
that were recorded during the surface wave inspections were surface
anomalies such as scratches or nicks.

(2) Laboratory Inspection

For comparison purposes, a laboratory tust program was conducted I
on the specimens. The search lunit, equipment, and procedure used were
the same as for the production surface wave inspection. However, for
the laboratory tests, the amplitude of all responses was noted, even if
they were less than the corresponding distance-amplitude response. The
results are shown in Table 68. As might be expected, the laboratory
results are somewhat better than the production results, even though
neither the production nor the laboratory inspectors knew the locations
of the cracks and the inspection time was approximately the same for both.
Several of the cracks detected in the laboratory, however, exhibited
responses of approximately 50 percent of the DAC curve. These responses
would not have been recorded in the produutioa inspection since only

224



TABLE 68
RESULTS OF LABORATORY SURFACE WAVE INSPECTION

Crack Length Specimen Number of Cracks Totel

(in.) Number Detected

0.025 - 0.050 57 2/2 2/2

29 0/1

34 1/2
38 2/2A
47 1/2 LI 10/17

0.050 - 0.10 49 2/2

56 0/2

57 1/2

59 2/2A

73 1/2 LI\

3 1/1
9 1/1

11 1/1

0.10-0.25 15 1/1 11/11

25 1/1

56 2/2

64 1/1

66 1/1

72 1/1

0.25 - 0.50 29 2/2 2/2
A!

/1One of the crecks detected had a response emplitude of 50 percent
of the DAC curve amplitude.

0P74.01t1.21 j
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responses equal to or greater than the DAC curve were to be considered
rejectable. For cracks .050 to .10 inch long, the proportion c-f cracks
detected is approximately the same for the laboratory and prodUction
inspections, if the 50 percent amplitude cracks were considered to be

undetected in the laboratory inspection. For the larger crack sizes
(.10 to .25 inch long), the laboratory results are clearly superior
to the production results.

It should be pointed out that while calibrating at a level
equivalent to a 1/64 inch diameter flat bottom hole the gain level on the
Sperry UM 721 was within 10 dB of thc maximum gain. Hence, it des
not appear possible to increase the detection capability simply by
increasing the scanning gain. Also, increasing the scanning gain would
increase the noise level which was approximately 15 percent of saturation
during the inspections.

d. Ultrasonic Contact Angle Beam Testing

(1) Production Inspection

Several of the test specimens were inspected using the contact
angle beam method. A 1/4 x 1/4 inch, 5MHz, 60 degree (in steel) shear
wave search unit was used in conjunction with a Sperry UM-721 ultrasonic
instrument and a 10S dB pulser/receiver. The couplant was 20W oil. The
reference standard (No. 95) was a machined piece of Ti-6Al-4v, .312 inch
thick, with end-drilled flat bottom holes as artificial reflectors (see
Figure 49).

The difference in sound transmission characteristics between
the reference standard and the test specimens was measured using 2 search
units as shown in Figure 93. The transmitter was the search unit to be
used for the actual inspections and the receiver was a 1/h x 1/4 inch,
5MHz, 60 degree lead metaniobate search unit (S/N BH 0731). With the
instrument in the through-transmission mode, the search units were
aligned to maximize the signal through the reference standard. The
signal amplitude was adjusted to 80 percent of saturation and the dB setting
was recorded. Next, the search units were moved to the test specimens,
and, using the same distance between search units, the operation was repeated.
It was found that the average difference between the reference standard
and the test specimens was 2 dB.

A distance-amplitude correction (DAC) curve was constructed with
the 3/64 inch diameter end drilled flat bottom hole in the reference
standard. With the search unit at position 1 (see Figure 94), the hole
response was adjusted to 80 percent of saturation and marked on the cathode
ray tube screen. Next, the search unit was moved to Positions 2 and 3
without changing the gain control and the signal amplitude was marked on
the cathode ray tube screen. A smooth curve was drawn through the points
on the CRT.
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FIGURE 93
TEST SETUP USED TO MEASURE SOUND TRANSMISSION DIFFERENCE
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Direction (Typ)
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6 Direction

Surface •

FIGURE 95
SCAN PLAN FOR CONTACT ANGLE REAM TESTING

TABLE 69

RESULTS OF PRODUCTION CONTACT ANGLE BEAM INSPECTION

Crauc Contact Angle Beam Probability
Length Specimen Ultrasonic Inspector Total of
Range No. Total Detection
(in.) AA

0.025-0.050 57 9/9 1/4 10/13

0.050-0.100 57 8/8 2/4
29 6/7 3/4 At least
34 7/7 2/5 36/46 69%
49 6/0 2/5

0.310-0.25 72 4/5 4/5 36/40 At least
g 5/5 3/5 80%
9 5/5 5/5

64 5/5 5/5

0,250.050 29 7/7 e 4/4 11/11 -IIA05 percent confidence level
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3/64 n. Dimete
Flat Bottom Hole

FIGURE 94 QF40 1 0

PROCEDURE FOR DISTANCE AMPLITUDE CORRECTION CURVE

At this point 2 d.B was removed to adj~ust for differences in soundif transmission betweer' the test pieces and the reference standards and
another 6 d.B was removed to increase the scanning gain.

Each test piece was hand scanned as shown in Figure 95. During
each scan the search uni4t was swiveled within an :included angle of 60

degeestoensure 1.00 percent inspection coverage. Within 0.75 inch of
surfcesA a.nd B, the pieces were scanned in 2 directions at 180 degrees

t~i each other.

r.ach discontinuity whose amplitude equalled or exceeded the DAC
curve, aftt' the 6 d.B had. been added back in, was marked on the specimen
surface. The resu~lts are shown in Table 69. In Table 69, an entry such
as 3/5 indicates that 3 cracks out of 5 were detected. It appears from
the data that the detection~ capability of Inspector A was greater than

Inspector B even though both people have qualified to the same procedure

(SNT-TC-lA, Supplement C, Level II).I

As shown in Table 'T0, on several occasions a crack was detected
from 'both sides of the specimen. However, it is important to note that
often a crack was not detected from both which indicates that actual parts
to be inspected should be inspected from both sides to increase the
detection probability.
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TABLE 70
CRACKS DETECTED FROM BOTH SIDES OF SPECIMEN BY

CONTACT ANGLE BEAM ULTRASONICS
Summation of 2 Inspectors

Crack Number of
Length n Times Detected

(in.) No. from Both Sides

0.025-0.050 57 (A) 6 of 13

57 (8) 6 of 12

29 (A) 6of 11
0.050.0.10

34 (A) 8of 13

49 (A) 5 of 12

72 (A) 5of 11

S9(A) Sof 11
0.10-0.25

9 (B) lOof 11

64 (A) 9of 12

0.25.0.50 29 (C) 11 of 11

2P34.0l 17.232

I

1
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e. Overall Production NDT Capability

The surface crack detection capability of individual NDT methods
(penetrant, surface wave ultrasonics, and contact angle beaxr, ultra-
sonics) has been discussed in the previous paragraphs. In a production

NDT operation, an individual production part might be inspected
several times with various NDT methods to ensure the detection of harm-
ful discontinuities. In these casus, the detection capability for the
part is related to the combined detection capabilities of the individual
NUT' methods. An example of such an NUT' plan would be to penetrant
inspect the entire surface of a finished part to detect surface cracks.
Next, the detected cracks would be removed by rework operations. Fol-
lowing the penetrant inspection and rework operations, selected areas
on the part which will experience high stress levels and where a flaw

of criticaL size has a reasonable probability of occurring might be
further inspected using surface wave ultrasonics to detect remaining
surface cracks and cracks lying slightly below the surface. Finally,
these high stress thicker areas might be inspected with contact angle
beam ultrasonics to again detect surface cracks and cracks lying to a
greater depth below the surface.

If such an NDT plan were used, the overall NDT capability for the
detection of surface cracks could be determined from the capabilities
of the individual methods (penetrant, surface wave ultrasonics, and
contact angle beam ultrasonics). The capability data discussed pre-
viously was analyzed to arrive at an overall capability figure for an
NDT plan which consists of a penetrant inspection followed by a surface
wave and, in some cases, contact angle beam ultrasonic inspection.
For example, the detection probability of a production inspection was
found to be 88 percent at a 95 percent confidence level for cracks with
lengths of 0.050 to 0.10 inch. Then, in a given sample, 12 percent of
the existing cracks may go undetected. If, then, the penetrant inspec-
tion was followed by an ultrasonic surface wave inspection, at least
47 percent of the cracks missed by the penetrant inspection (or 6 per-
cent of the total cracks present originally) would be detected by the
ultrasonic surface wave inspection. Based on these calculations, the
detection probability for the combined inspections would be 88 percent
plus 6 percent or 94 percent at a 95 percent confidence level. The
overall NDT capability for surface cracks is shown below us a function
of crack length.

Probability of Detection

Crack Penetrant Penetrant Followed
Length Followed by by Surface Wave

(in.) Surface Wave Followed by Angle Beam

Less Than 0.025 At Least 35%

0.025-0,050 At Least 66% L
0.050-0.10 At Least 94% At Least 98%
0.10-0.25 At Least 98% At Least 99%
0.25-0.50 At Least 99% Z

i, 95% Confidence Level.
Date was Not Developed for Contact Angle Seam

Inspection at This Crack Si,.
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This data indicates that at least 98 percent of all surface cracks with
lengths of .050 to .10 inches would be detected with the specified NDT
plan.

All the NDT capability data discussed to this point has been on the

basis of a 95 percent confidence level. Obviously, the specified detection
probability changes as the confidence level changes.

The NDT capability data presented in this report should be used as
guidelines as t- what can be reasonably expected in production inspec-

tions. The actual capability values are somewhat unique to the specific
inspection parameters used. The capability values might change signifi-
cantly when other inspection personnel, penetrant systems, calibration
techniques, calibration standards, etc. are used.

f. Laboratory Eddy Current Testing

A selected number of the surface cracked specimens were chosen for
several eddy current tests. In all, four separate laboratory eddy currentr tests were performed. The first test, designated Test A, was performed
using a Nortec NDT-3 eddy current instrument with an absolute probe at
500 KHz. The absolute probe was an Ideal Specialty P/N 6100 - 1/4 SP
probe with a .050 inch diameter ferrite core and 150 turns of No. 40
wire. Liftoff compensation was .003 inch and was accomplished by adjust-
ing the "X" and "R" controls to obtain the same meter indication with
ard without a .003 inch paper shim between the probe and the test surface.
The operating point was chosen using the sensitivity standard shown in
Figpre 96. The conductivity of the Ti-6A1-6V-2Sn is 1.10% IACS

Z32



I ~4.0

I -Drill, Countersink
- and Tap for 8.32

Screw (4-Corners)

1.75

0.250

0.50 63 rms

I ( Ti.6A.bV-2Sn I I
1.0 n

kLTI-SAI-1Mo-IV LJ

63 rms i

Notes:

1. All dimensions are in inches,

2. Tolerances are t 0.010 in.

3. Surface finish is 125 rms unless
otherwi•o noted.

4. Material is In the annealed

condition.

5. Install 8-32 srews in four

cohers when complete.

FIGURE 96OP 14-0117 -223FIGURE 96 oo.•.

TITANIUM EDDY CURRENT SENSITIVITY STANDARD
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and the conductivity of the Ti-8A1-lMo-1V is 0.87% IACS. A previous
program indicated that, for titanium, the operating point along the
lift-off compensation locus should be chosen relatively far away from
the material point in the complex impedance plane to give the maximum
response (478 microamps per i% IACS) to the conductivity difference
between the two halves of the sensitivity standard. Crack indications
were read as meter deflections and the chosen scan index of 1/16 inch was *1
maintained without a fixture.

A second test, Test B, was performed in the same manner except that
crack indications were recorded on a Mosely 680 strip chart recorder and
a fixture was used to maintain the 1/16 inch scan index.

Test C was performed using a Magnaflux ED 520 eddy current instrument
with an absolute probe. This particular instrument uses continuously
variable frequencies (from 55 to 200 KHz) which are fixed by the probe
coil and the liftoff compensation chosen. No liftoff compensation was used.
The absolute probe was the same as before. Again a strip chs&'t recorder
was used as an aid for crack detection and a scan index fixturc was used
for the 1/16 inch scan index. The sensitivities of the instruments were
set to yield a 110 microamp difference between the Ti-6Al-6V-2Sn and
Ti-8A1-lMo-lV halves of the sensitivity standard in tests A, B, and C.

Testing was performed in cooperation with and through the courtesy
of NDT Instruments, Inc. These results are designated Test D.

An NDT Instruments Vector III was used along with a 3 MOz probe
having a 1/16 inch diameter ferrite sensor. This probe possessed an
estimated .015 inch deep x .062 inch wide sensing zone in the titanium.
The instrument was adjtsted for approximately .002 inch liftoff compensa-
tion. The receiver sensitivity control was adjusted to 25% of the maximum.
Crack indications were measured as meter deflections. No calibration, such
as previously described, was perforzmed. Prior to actual inspection a pre-
liminary test was performed with the Vector III to compare the responses
at 500 K0z and 3 MHz. A Ti-6A1-hY reference standard with narrow 3 inch
long V-notches having depths of .005 inch, .010 inch, and .015 inch was
used. The results indicated that testing at 3 MHz produced about 5 times
the meter deflection obtained at 500 KHz (see below). The data indicates
that the sensitivity is increased at higher frequencies. The crack vector
has a greater separation angle from the lift-off vector at 3 MHz.

Notch Depth Units of Meter Deflection
(Inches) 500 KHz 3 •l{z

.015 4o 100+

.010 12 70

.005 7 35

The results of the four tests are shown in Table 71. A summary
appears in Table 72. As can be seen, the detection capability was enhanced
by using a scan index and a strip chart recorder. The testing performed
at 3 M{z seemed to be more effective than the lower frequency tests, although
the small data base does not allow a definite conclusion. Examples are
shown below.
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TABLE 71
EDDY CURRENT TEST RESULTS

Actual
Target Crack Test 0
Crack Specimen Length Test Test Test

Length No. x Depth A C B
(in.) (in.) No. Cracks Mater

Detected Deflection

Less 53 - 0/1 0/1 0/1 - -

0.025 4 - 0/1 0/1 0/I - -

65 - 0/1 0/1 0/1 - -

70(A) - 0/1 0/1 0/1 - -

76 - 0/1 0/1 0/1 - --

77 - 0/1 0/1 0/1 - -

0.025. 39 0.040 x 0.015 1/1 1/1 0/1 1/1 25
0.050 45 0.010 x 0.005 0/1 1/1 1/1 1/1 /j\ 41

65 - 0/1 0/1 0/1 - -

70(B) - 0/1 0/1 0/1 - -

75 0.060 x 0.015 0/1 0/1 0/1 0/1 Ll 0
81 - 0/1 0/1 0/1 0/1 0

0.060- 38 0.070 x 0.025 0/1 1/1 0/1 1/1 74

39 0.060 x 0,040 0/' 0/1 0/1 1/1 > 80

47 - 0/1 1/1 1/1 1/1 >80

49 - 0/1 0/1 0/1 - -

59 0.090 x 0.030 0/1 1/1 1/1 1/1 45
73 - 0/1 0/1 0/1 - -

0.10. 3 0.119x0.019 0/1 0/1 0/1 1/1 15
0,25 11 0,20x0.70 1/1 1/1 1/1 1/1 z >80

15 0.20 x 0.70 1/1 1/1 1/1 1/1 >/j >80
64 - 1/1 1/1 1/1 - -

66 0.105, 0.030 1/1 1/1 1/1 1/1 36
72 - 0/1 1/1 1/1 - -

0.25. 8 0.43 x 0.16 1/1 1/1 1/1 - -
0.50 12 - 1/1 1/1 1/1 - -

21 0.41 x0.17 1/1 1/1 1/1 - -

22 - 1/1 1/1 1/1 - -

23 - 1/1 1/1 1/1 - -

31 - 1/1 1/1 1/1 - -

The location of the crack was known in order to letup the test,
Actual crack dImonsions were determined by fracturing thý.
specimen and examining the fracture surface.
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TABLE 72
SUMMARY OF (.RACK DETECTION CAPABILITY-

LABORATORY EDDY CURRENT

Crack Length Test Test Test Test
(in.) A B C D

Less Than 0.025 0 of 6 0 of 6 0 oi 6

0.025-0.050 1 of 6 1 of 6 2 of 6 2 of 4

0.050-0.10 0 of 6 2 of 6 3 of 6 4 of 4

0.10.0.25 4 of 6 5 of 6 5 of 6 4 of 4

0.25-0.50 6 of 6 6 of 6 6 of 6
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Crack Length Specimen
(Inches) No. Test A TeEt B Test C Test D

.025 - .050 39 1/1 0/1 1/1 1/1

.050 - .10 38 0/1 0/1 1/1 1/1

.050 - .10 39 0/1 0/1 0/1 1/1

.10 - .25 3 0/i 0/1 0/i i/i

Following the eddy current testing, several of the cracks were
intentionally fractured and the site of the crack was measured from the
fracture surface. The actual size of those cracks are shown in Table 71.
An examination of crack depth or crack area did not reveal any correlation
with meter deflection. The smallest crack detected during thie eddy
current inspection had an actual length of .010 inch and a depth of .005
inch.

g. Radiographic Inspection of Surface Cracks

Twelve specimens, 3/8 inch thick, containing fa-tigue cracks were radio-

graphically inspected. These speciments had been ftabricate'.I in the manner
previously described in Paragraph 1-a of' the. .UP i...!upabillty serctionl of
this report. The inspection was performed i.n a production radiographic

inspection facility using production radiographic inspection personnel who
had been qualified to SNT-TC--lA, S'upplement A, Level Ti. The cracks
examined had lengths which 'raried from 0.10 to 1.50 inches. The two 1.50
inch 1.mng cracks had extended througigh the thickness of the panel. The
radiograph Lc parameters uLsed were as follows

Kilovoltagk. 75 KVP (with a 3 s•n. loc:al spot)
Faxi tron

Focal Spot - To - 24 Inches
film Distance

Film Gaveart DII (ASTM Class 1)

Screens No f'runt ,creen
0.010 inch thick lead back screen

Cassette Cardboar d

The exposutre was adjusted to <.btain an overall film ]density of 1.. to
2.3 Ei and DI density i units. A 2 rIrce- thickness tit oln m•,]MT-;:.b-h5
penetrameter was used as an image quo!i!y indicator t:•r the UT hole was
visible on all. the radiographs resulting in an equivalent scn-sitiv' Ly of
1.4 percent.

Three independent production radiographic interpreters were used to
interpret the films. Only two of the cracks were detected; these were
the 1.50 long cracks and all 3 interpreters detected them. No other
cracks were detected even though there were some which had extended through
the full section thickness. Subsequently, the filmE, were examined again,
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only this time, the crack locations were known by the intei'preter.
Again, only the two 1.50 inch long cracks were detected. These results
,,mphasize the difficulty in detection cracks with radiographic techniques.

h. Bending Fatigue Specimen Fabrication

A second set of surface connected crack specimens were fabricated for
use in airframe, engine, &.nd AFML inspections. The specimens were made
using 1 X 2 X 5 inch pieces of Ti-6AI-4V with an EDM slot in each as a
crack initiator (see Figureý 97 ). The specimens were fatigued in 3 point
bending using the parameters shown in Table 73. The crack lengths were

TABLE 73
PARAMETERS FOR SURFACE CONNECTFD CRACKS

MADE BY BENDING FATIGUE Zj\

Sce DM Final Crack
Specimen Length x Depth No. Cycles Length

No. (.) (in)

P5 0.020 x 0.008 23,090 0.035

B2 0.030 x 0.010 30,700 0,055

B13 0.080 x 0.025 10,000 0.129

18 0.10 x 0.020 12,790 0.238

B10 0.10 x 0.030 17,500 0.363

B15 0.10 x 0.030 54,990 0.496

A
'1 \ Specimens were fatigued in 3 point bending with

a load of 30,000 lb maxinum (67.5 kl stress)
arnd a frequency of 5 i it.

optically monitored during the fatiguing process. After the cracks were
grown, the EDM ulot was removed by a grinding operation. The grinding
operation was intentionally light in order to avoid metal flow at the
surface.

i. Liquid Penetrant Testing of Bending Fatigue Specimens

The set of 6 cracked specimens and three uncracked "dummy" specimens
were penetrant inspected in an airframe and Jet engine inspection environ-
ment as well as at the AFML for comparative purposes. Initially, the surface
fatigue specimens were penetrant inspected in the laboratory at the jet
engine manufacturer's installation. Three post-emulsifiable Magnaflux
penetrants were used for comparative purposes (ZL-2A, ZL-22A. and ZL-30A).
In addition, both Magnaflux ZP-4 dry powder developer and Tracer-Tech D499C
nonaqueous wet developer were used. All the penetrant systeir used were
MIL-I-25135, Group VI sensitivity systems. The 9 test specimens (6 cracked
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.Specimen Crack--- SpcienLength X Y

5 Location No. (int)
of
Crack B5 0.035 3 3/4

B2 0,055 2-1/4 1-1/2
813 0,129 2.3/4 1-1/8

B8 0,238 2 1
X 810 0,363 2-1/2 3/4

B15 0.49E 2.1/2 1-1/4

2 01 14 1 1 0

FIGURE 97

CONFIGURATION OF BENDING FATIGUE SURFACE
CRACKED SPECIMENS

J
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and 3 uncracked) were. initially trichlorethylene vapor degreased end
etched very lightly for 3 seconds with a 2% hydrofluoric acid solution
prior to application of the penetrant. The penetrant dwell time was 30
minutes in each case. Excess penetrant was removed using Magnaflux
ZE-hA for 30 seconds followed by a water spray at 40 psi with 70°F water.
Next, the specimens were dried at 150OF in a recirculating hot air oven
and developer was applied. A bleed-out time of 5 minutes was used.
Finally, the specimens were examined in a darkened booth with 7,400
microwatts per cm' of ultraviolet light at the specimen surface as measured
with a Weston 703-60 light meter. The white light intensity in the
booth was not measured. The laboratory tests were performed by two
Inspectors. The length of each penetrant indication was measured and
recorded.

The results of the laboratory inspections are shown in Table 74.
There were no false indications recorded.

As can be seen from the Table 74, each inspector detected all the
cracks when nonaqueous wet developer was used. However, several of the
smaller cracks went undetected whe,, a dry powder developer was used,

even with the higher sensitivity penetrant. It appeared that the dry
powder did not adhere well to the ground surfaces.

Next, the specimens, including the uncracked dummies, were penetrant
inspected at the engine manufacturer's pi-oduction penetrant inspection
facilities. For comparison purposes, three separate penetrant systems
were used. These were (a) Magnaflux ZL-22k fluorescent post-emulsifiable
penetrant, ZE-4A emulsifier, and ZP-4A dry powder developer, (b) ZL-22A
penetrant, ZE-hA emulsifier, and Tracer-Tech D499C nonaqueous wet
developer, and (c) Turco P-40B fluorescent post-emulsifiable, F-h
emulsifier, and DD-2 dry powder developer. All the systems v:ere
MIL-I-25135, Group VI sensitivity systems.

The production inspection parameters were a 30 minute penetrant dwell
time, a 30 second emulsification time, a 5 minute development time, a 140 to
160kFdrying temperature, and a viewing light intensiby of 7,400 microwatte
per cmý. The viewing light intensity was measured with a Weston 703-60 light
meter. Each piece was trichlorethylene vapor degreased between inspections.
For each penetrant system, independent production penetrant inspectors were
used. The length of each crack indication detected was recorded.
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TABLE 74
RESULTS OF ENGINE LABORATORY PENETRANT TESTING OF

SURFACE CRACKED SPECIMENS
(Results for Inspector B Shown in Parenthesis)

Measured Indication Length

Actual ZL-2A ZL-22A ZL-30A
Crack (MI L-I-25135, G-oup 31) (MIL-I-251350 Group M) (MIL-I-25135, Group MEI++)
LengthWyuDet
(in.) Dry Nonequeou, 1oeo Dry Nonqueous

Dvlpr Wet Dvlpr Wet Dvlpr Wet

DeveloperDeveloper Developer Developer

No Crack NCF (NCF) NCF (NCF, NCF (NCF) NCF (NCF) NCF (NCF) NCF (NCF)

No Crack NCF (NCF) NCF (NCF) NCF (NCF) NCF (NCF) NCF (NCF) NCF (NCF)

No Crack NCF (NCF) NCF (NCF) NCF (NCF) NCF (NCF) NCF (NCF) NCF (NCF)

0.035 NCF (NCF) 0.040 (0.040) NCF (NCF) 0.040 (0.040) 0.040 (0.040) 0.040 (0.040)

0,i55 NCF (NCF) 0.010 (0.010) NCF (NCF) 0.040 (0.040) NCF (NCF) 0.045 (0.045)

0.129 NCF (NCF) 0.120 (0.120) NCF (NCF) 0.120 (0.120) NCF (NCF) 0.120 (0.120)

0.238 0.060 (0,090) 0.060 (0.090) 0.060 (0.090) 0.060 (0.060) 0.060 (0.160) 0.090 (0,160)

0.363 0.150 (0.090) J.150 (0.090) 0,120 (0.120) 0.120 (0.120) 0.090 (0.150) 0.090 (0.150)

0.496 0.500 (0.500) 0.500 (0.500) 0.500 (0.500) 0.500 (0.500) 0.500 (0.500) 0.500 (0.500)

NCF - No Crack Found OP14.0lI7 10i

TABLE 75
RESULTS OF ENGINE PRODUCTION PENETRANT INSPECTION OF

SURFACE CRACKED SPECIMENS

Measured Indication Length

ZL-22A with P40.B ZL-22A with
Actual Dry Developer with Dry Nonaqueous
Crack (ZP4A) Developer Wet Developer
Length (DD.2) (D499C)

Inspector

A B C A B C A B

NoCrack 0 0 0 0 0 0 0 0

No Crack 0 0 0 0 0 0 0 0

No Crack 0 0 0 0 0 0 0 0

0,035 0 0 0 0 0 0 0.030 0.030

0.055 0 0 0 0 0 0 0.100 0.100

0.129 0 0 0 0 0 0 0.100 0.100

0.238 0 0.250 0.250 0 0 0 0.150 0.150

0.363 0 0 0 0 0 0 0.125 0.125

0.496 0 .0 0.3501 0 0 0 0.200 0.200

OP14 01t) tOO
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The results are shown in Table 75. No false indications were recorded.
As can be seen, the most effective system was the ZL-22A penetrant/D499C
nonaqueous wet developer system. The dry powder developer did not work
effectively as it did not adhere well to the smoothly ground surface of
the specimens.

Next, the test specimens, including the uncracked dummies, were
penetrant inspected at the airframe manufacturer's production penetrant
facility using Tracer-Tech P-133A fluorescent water washable penetrant,
and D499C nonaqueous wet developer. The inspection parameters were the
same as foi- the previous inspection of the surface cracks described in
Section IV, Para. 1-jh. The inspector was instructed to mark all lineur
indicationo. The length of the cracks were not measured during these
tests.

Each piece wa, itiopected 3 times by the same man. The test results
are shown in Table 7(6. There were no false indications recorded.

Finally, the specimens, including the uncracked dummies, were penetrant
inspected at the AFML. For these tests, the penetrant system was ZL-22A
penetrant, Z&-3 emulsifier, and Sherwin D-10O nonaqueous wet developer.
The penetrant dwell time was 30 minutes, the emulsification time was 30
seconds, and the drying conditions were 5 minutes at 180°F in a recircu-
lating hot air oven. The specimens containing the .035 and .055 inch long
cracks were inspected independently 10 times. The remaining specimens
were inspected independently 7 times. Two inspectors participated in the
testing. Prior to each inspection, the specimens were cleaned in a
trichlorethylene degreaser for 1 hour.

The results of the inspections are shown in Table 77. As cam be seen,
all the cracks were detected during each inspection. There were no false
indications recorded.

j. Radioactive Penetrant Testing

The surface cracked test specimens were subjected to a laboratory
inspection by Industrial Nucleonics Corporation, using their proprietary
radioactive penetrant method. The test specimens were placed in a
vacuum chamber which then was evacuated. Next, a mixture of Krypton 84
and radioactive Krypton 85 was back-filled into the chamber. Finally,
the Krypton mixture was transferred to a storage container, the vacuum
chamber was restored to room atmosphere, and the test specimens were re-
moved. In order to record the crack indications, film was placed on
the specimen surface and exposed by the residual radiation. A typical
exposure time was 2 hours. After the above technique was used, a second
technique was employed to detect the cracks. This technique was
identical to the first technique except that a .001 inch thick coating
of plastic was placed on the surface of the specimen prior to placing
the film on the part.
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TABLE 76
RESULTS OF AIRFRAME PRODUCTION PENETRANT INSPECTION OF GENERAL

ELECTRIC SURFACE CRACKED SPECIMENS

Specimen Crick Length No. of Cracks Detected
No. (in.)

B5 0.035 2 of 3

B2 0.055 3 of 3

813 0.129 3 of 3

B8 0.238 3 of 3

B10 0.363 3 of 3

615 0.496 3 of 3

GPI4 0111 00

TABLE 77
RESULTS OF AFML LABORATORY PENETRANT INSPECTION OF

BENDING FATIGUE SURFACE CRACKED SPECIMENS

Actual Measured Indication Length (In.)
Crack Inspector

Length ne -
(in.) A B C 0 E F 0 H I 1

0.035 0,046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046

0.055 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062

0.129 0.125 0.125 0.125 0.125 0.125 0.125 0.125 - - -

0.238 0.250 0.250 0.250 0.250 0.250 0.250 0,250 - - -

0.363 0.375 0,375 0.375 0.375 0,375 0.375 0.375 - - -

0.496 0.500 0.500 0.500 0.500 0.500 0.500 0,500 . ..

OP14.01 11179
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A comparison of the actual crack length with the indication length
is shown below.

TABLE 78
RESULTS OF RADIOACTIVE PENETRANT TESTIJG

Length
(in.) Process No. 1 Process No. 2

0.035 0.023 0.021

0.055 0.043 0,046
0.129 0 0.106

0.238 0.279 0.236

0.363 0.359 0,366

0.496 0.516 0.508

G P'4 05261

k. Eddy Current inspection of Fastener Holes

Eddy current inspection techniques have been used primarily to detect
surface connected cracks in components and assemblies where the penetrant
method would bc impossible or impractical to use effectively. Of
particular impoI'tce -11'rc the fastener hole surfaces. A test program was
conducted to dcbcim.inc the detection capability for fatigue cracks in
unl.:Lled f:i.:; mcnr' he.Los.

The Lest specimens used for the eddy current study were dogbone fatigue
specimens which had undergone fatigue testing under another program.
Slcherna ico oC' the three. specimen types are shown in Figures 98, 99, and .O00

P'rior t• any eddy testing, the fatigue specimens were tested at
rooI Leller'.tu , fu ..... i.'...ure. The specimens containing 0.250 and 0.375
inch diwticcter hu,.ý wuru •tested in axial loading on a 10,000 pound Sonntag

1-1O at :Lchl~ine hrin a 5:1 load intensifying fixture mounted on
a tLbic Lo. '. ' .oiitag machine provided a cyclic rate of 30 cycles
pUl-' second. 'i.'i i.n containing 0.750 inch dianeter holes were
to,,ted :n , a hiy,ii'-i,u].c fatigue machine which provided a cyclic rate

.5 ,yl., jr .;,c.'d. Tne stress ratio for all the tests was +0.1.
E:uch specimli w tu; .td until fracture occurred through one of' the two
holes.

A tot-l ,ul' '30 fractured specimens were initially eddy current tested
to select holes containing ztcondary cracks (see Figure i10). 'The intact
hole in each specimen was scanned with a Nortec NDT-3 eddy current
instruxnent capable of several discrete frequencies between 10 Kllz and 2 Nfllz.
The instrument features an adjustable operating point within the complex

impedance plane for each of the 7 available frequencies. Ideal Specialty
Co. absolute type hole probes of the appropriate size were used. These
probes were a single coil and used a ferrite core of .050 inch nominal
diameter from .130 to .160 inch long wound with 150 turns of #hO wire.
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FIGURE 99
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Lift-off compensation was 0.003 inch and the test frequency was a
r.'minal 500 lGiz (464 KHz actual). The actual frequency was determined by

monitoring the oscilloscope wave form of the signal supplied to the

eddy current probe during actual operation. Lift-off compensation was

accomplished by adjusting the "X" and "R" controls to obtain the same
meter indication with and without a .003 inch paper shim between the
probe and hole surface.

The operating point was chosen using the sensitivity standard shown

in Figure 102. The conductivity of the Ti-6A1-6V-2Su is 1.10% IACS

and the conductivity of the Ti-8A1-lMo-lV is 0.87% IACS. A previous

program indicated that, for titanium, the operating point along the lift-off

compensation locus should be chosen relatively far away from the material

point in the complex impedance plane to give the maximum response

(478 microamps per 1% lACS) to the conductivity difference between the
two halves of the sensitivity standard. The eddy current instrument had
been modified internally to permit; recording of the signals on a Moseley

I 680 strip chart recorder which has a response of 3O0 Hz. Previous
experience has shown the strip chart recorder to be a great aid In
detecting cracks because a meter deflection doesn't have to be constantly
monitored. Also, the strip chart recorder responds to a crack much more

quickly than does a meter deflection. The scan index used was as shown
in Figure 103. The scan index was clioen to provide for overlap of the

inspection areas. The responsc from each crack wae mne::urcd in microumps.
Of the 230 holes inspected, a total of 39 holes containod indications.

3/32 in.

Scan - " ''"'Scan - -- , 70.28

Scan 2,_
cs, A'" "__/4ALL

3/32 in.

1 /16 in. Typical

Scan2 -- ,,, / ,7 .
Scan - x /

-- .. ///,,. //// 0.43

FIGURE 103
S.AN INDEX USED DURING EDDY CURRENT 1I'NSPECTICN

Next, the 39 holes with indications were eddy current ins1,2cted using
the NDT-3 and the same inspection paraumvters except that a nominal
frequency of 100 K11z (10h KI7z Uct!uil) was used. Fur thii Leot, neiotLti vt

lift-off compensation was used and th. operating point wa.s se.LCed for
maximum response to the conductivi:Ly d IJfc.'cence in the snr, ivy
standard.
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FIGURE 102

TITANIUM EDDY CURRENT SENSITIVITY STANDARD
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A third test was performed upon the 39 holes using another eddy
current instrument, the Magnaflux ED-520. This particular instrument used
continuously variable iTequen ies (from 55 to 200 KHz) which are •ixed
by the probe coil and lift-off compensation chosen. Again, appropriately
sized Ideal Specialty absolute hole probes were used. Lift-off
compensation was negative and the test frequency was 135 Klz. The
operating point was selected to give the maximum response to the differ-
ence in conductivity in the sensitivity standard. A fourth test was
performed using the second eddy current instrument with negative lift-off
compensation and a test frequency of 129 KHz. The operating point was
changed slightly from that used in the third test because preliminary
testing had suggested a superior signal-to-noise ratio might be realized.

Finally, a fifth test was performed using the first eddy current
instrument and Nortec differential hole probes. The nominal test
frequency was 500 liGz (464 KHz measured). The instrument operating point
was chosen to give the maximum signal-to-noise ratio by locating the null
balance point in the impedance plane and measuring th• signal-to-noise
ratio for several operating points near the null balance point.

After all the eddy current tests were complete, 14 of the cracks
were intentionally fractured and the actual size of the crack was
measured. A photograph of two of the fracture surfaces is shown in
Figure 104. Thr results of the eddy current tests are shown in Tables 79
andSO. It shotld be mentioned that, during the tasting, each instrument
sensitivity was adjusted to yield 22 percent of full scale for the
conductivity difference in the reference standard. The ED-520 has a
500 microamp full scale and the NDT*-3 has a 100 microamp full scale. Con-
sequently, in order to normalize the data, the NDT-3 responses were
multiplied by a factor of 5. The normalized data is shown in Table 79.
As can be seen from Table 79, the eddy current response from the smaller
cracks was greatest with the low frequency methods using negative lift-off
compensation.

Based upon these tests with the equipment used, it appears that the
best eddy current method for inspection of unfilled holes in titanium is
to use an absolute hole probe, negative lift-off compensation, and a
low frequency of approximately 100 to 150 KHz. The smallest crack I
detected by eddy current during these tests had a maximum depth of .024
inch. It is not known if smaller cracks exist in the fastener holes since
the crack growth was not controlled. Consequently, it is not possible
to eetermine the size of a minimum detectable crack from these results. It
can be stated, however, that the eddy current method can detect cracks
w.th depths of at least .024 inch.

The results of the previous program prompted further testing.
Additional specimens were selected from the same c:ollection as were the
Figures 98 through 100 specimens. Several eddy current inspections,
described below, were conducted on tn i.

The test, designated as "NDT-3 500 KHz Comp" in Table 91, was performed
using a Nortec NDT-3 eddy current instrument with an absolute probe at
500 KHz. The absolute probe was an Ideal Specia.lty P/N 64101-1/4 SP probe
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TABLE 79
RESULTS OF EDDY CURRENT INSPECTION OF FASTENER HOLES

Specimen Alloy Hole Material Maximum Fatigue - Absolute Probe Responses (microampl) DIfferential Maximum Crack
No. Die Thickness Stress Cycles Lift Off Compensated Negatively Compensated Probe Depth

(i n.) (in.) •ki|) 464 KHe (in.)
k464 KHz 134 KHz 129 KHa 104 KHz

152 Ti6AI 4V 0.25 0.28 55 78.000 20 40 4
145 (Annealed) 0.25 0.l1 ,55 138,000 20 50 40 None Found

148 Al• 55 74,000 240 280 260 270 0.63

139 55 490,000 200 325 275 290 0.37
112 80 21,000 275 310 285 290 &

162 60 69,000 320 435 365 425 0.62
16 55 67,000 550 455 590 4,'5 A4

161 65 56,000 310 460 320 410 1
148& 55 74,0U0 510 500 570 495 0 133
356 Ti.6AI.4V 55 100,000 240 185 225 170 &
341 (STA) 55 206,000 85 185 95 90 0.030

360 55 99,000 225 350 260 300 0.037

351 55 710,000 475 420 450 420 U.104
347 60 891000 525 545 510 Boo zt
316 55 76,000 870 960 1110 960
354 55 139,000 950 125 1070 930 0.179
358 55 417,000 161 10 1870 160 19
332 Ti.SAI-4V 55 85,000 855 1040 930 890~I (STOA) ....
219 Ti.WAIV 0.75 0.43 56 104,800' 60 70 25 A\t

S197 (Annealed) 55 fl3,900 310 280 190

198 55 76,000 500 325 260

182 TAI.4V 0.75 0 8 55 218,000 40 90 0 110 70
28793 (Anne5aled) 75 8,000 75 127 20 82 105 0.030
29187 55 64,000 93 190 164 170 190 0,ISO0 210 380 335 385 310 .

186 55 72,000 520 690 580 660 580
191 4. 55 78,000 40 830 750 910 810 Neo

292 T,.TAI. 0.375 0.8 85 138,000 40 30 40 65 &
6V,2Sn

287 (Anneeled) 55 106,000 20 270 210 220 220 0.056
294 I 55 53,000 300 440 430 450 460 0.097
205 55 38,000 350 290 610 730 580 0.087
291 A 0 55 32,000 40 30 60 60 Name Found
380 28 Ti.S6,MOA 0.15 Of 55 1,308,000 30 30 ,& &, 14!S/

25i, (STOA)

379 55 3,447,000 20 45 ,• ,•None Found

275 T,.SAI-SV. 0.25 1) 28 a , 77,000 25 40 &• & None Fount)

258 2S(Amitealed) 65 25,000 20 50 so 80 0.024
218 5,5 63,000 ?b 40 36 15• '

280 55 82,000 95 240 220 235

31 T,.OAI-TV 0.8 0.18 55 32,000 45 80 75 6 5 0.034
2Sn (STA) •

303 55 23,000 145 175 170 160 &

No Cl•ck 61O0,tdAW

Niot ta 25

25



TABLE 80
SUMMARY OF EDDY CURRENT RESPONSE vs MAXIMUM CRACK DEPTH

Absolute Probe Response (p- amps)
Hole Differential Maximum

Specimen Alloy Die Lift Off Negatively Compensated Probe Crack
No Compensated Depth(in.)

464 KHz 134 KHz 129 KHz 104 KHz 464 KHz

148 Ti-6AI-4V 0.25 240 280 260 270 Not Tested 0.063
13A 200 325 276 290 0.037
162 320 435 365 425 0.062148 510 500 570 496 0.133

343 85 186 9i 90 0.030360 225 350 260 300 0.037
351 475 420 460 420 0.104
354 950 1040 1070 930 0.179
193 Tio6AI-dV 0.376 75 126 90 85 106 0.030

287 Ti-6AI-6V-2Sn 0,375 80 270 210 220 220 0.056

294• 300 440 430 450 460 0.095

296' 350 690 610 730 580 0.087

28 Ti-6AI-6V-2Sn 0.25 20 50 50 60 Not 0.024
31 45 80 75 65 Tested 0.034

Typical Complex Imp•edance Plane

M Locus of Operating Points~Giving 0.003 in. Lift-Off
°•¢•'•LCompensation

XI

SMaterial Point

PositiveLift-Off '

Compensation Negative Lift-Off
Compensation
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with a .050 inch diameter ferrite core and 150 turns of No. 40 wire.

Lift-off compensation was .003 inch and was accomplished by adjusting the"11"X" and "1R controls to obtain the same meter indication with and without

a .003 inch Pper shim between the probe and the test surface. The
operating point was chosen using the sensitivity standard shown in
Figure 102. The conductivity of the Ti-6A1-6V-2Sn is 1.10% IACS
and the conductivity of the Ti-8Al-lMo-lV is 0.87% IACS. A previous
program indicated that, for titanium, the operating point along the
lift-off compensation locus should be chosen relatively far away from the
material point in the couplex impedance plane to give the maximum response
to the conductivity difference between the two halves of the sensitivitj
standard (478 microamps per 1% IACS). Crack indications were recorded on
a Moseley 680 strip chart recorder and a fixture was used to maintain the
1/16 inch scan index.

The test identified as NDT-6 1.OMHz Comp. was performed identically
to that described above except that the frequency was 1.0 MHz. Although
a 2.0 MHz module was available for use in the NDT-3, insufficient gain
was obtained with this module to warrant any further testing. Discussions
with Nortec on this subject led to the use of the prototype NDT-11 instru-
ment.

The Nortec NDT-1l, designated as "NDT-11 1.5 MHz Comp" in Table 81 has
more gain at the higher operating frequencies than the NDT-3 or NDT-6.
A 2MHz differential probe supplied by Nortec and an experimental absolute
probe supplied by the Ideal Specialty Co. were used to measure the capabil-
ity of the NDT-11 prototype instrument. both probes were hand rotated
and indexed 1/16 inch between scans. A fixture wM used to maintain
constant probe depth during each scan. The calibration methods were the
same as was performed using the NDT-6. Medium size fatigue cracks,
selected from the previous results, were used in the calibration of
the differential probe so that the comparisons found in Table 81 could be
made. The Nortec differential probe was found to be no improvement over
the previously evaluated NDT-3 and NDT-6 with an absolute probe. The
results reported in Table 81 were obtained using the experimental Ideal
Specialty absolute probe operating at 1.5 MHz. It consisted of a radial
axis .050 inch diamneter ferrite core wound with 50 turns of #40 wire.
Tho test designated as "Circograph" in Table 81 was performed with a
Forster Circograph 6.230 using a 400 KHz stainless steel differential
probe rotating at 3,000 RPM. The instrument read-out is a cathode ray
tube (CRT) whose display is synchronized with the rotation of the probe
coils such that a flaw's location is readily determined. The method of
calibration previously used with the NDT-3 and an absolute probe was not
applicable to this method since both coils of the probe see the same
bulk material conductivity simultaneously. For this reason, a medium
size crack detected by the previously debcribed methods (Specimen 393),
was used for calibrating. The instrument was calibrated by adjusting the
phase and the gain controls until the signal-to-noiue ratio was minimized
(about 10 to 1) for this particular crack. Once initially adjusted,
the gain wea changed only slightly to maintain the noise at a level of
less than 20% of' the CRT height in the individual holes- the phase
position was not altered. The rotating probe was moved slowly in and
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TABLE 81
EDDY CURRENT CRACK RESPONSE

% Full
Screen Microamp Response

Mexium ,Height

Specimen Maximum FaiuNo. Material Stress FatigUCycles
No. ~~(kil) Cce

276 Ti-6AI.6V. 55 53,000 - - 50 - -
280 2Sn, Annealed 55 82,000 75 210 160 160 170

Tl.6Al.6V.393 65 23,000 45 130 180 150 210
2Sn, Annealed

536 55 50,000 100+ 920 1100 1100 500+
540 65 53,000 - - 640 528 500+
544 55 23,000 20 40 210 80 110
645 55 39,000 80 230 220 125 230
547 55 71,000 45 - 80 - -
551 55 92,000 100 540 720 484 500+
562 56 64,000 35 - - - -
553 55 61,000 80 40 -. ..
554 TI-6AI.4V, 55 71,000 65 180 - 110
556 Annealed 56 61,000 30 50 - -.

559 55 52,000 80 320 350 200 350

560 65 54,000 100 680 - 170 300
562 55 75,000 40 120 - 100 180
576 55 108,000 20 - 100 -. .
579 55 116,000 15 -- - - -

580 55 63,000 75 400 638 440 500
589 55 163,000 - - -.

646 80 23,000 85 180 - 150 190

740 55 43,000 70 370 264 200 170
754 TI-6AI-6V. 55 46,000 85 650 374 280 230
758 2Sn, Annealed 55 72,000 38 100 143 110 140
816 55 31,000 - - - -

187 55 32,000 -

- - ......--

'WiP/ 01 11 J10



I,
out of the holes. Each hole was scanned along its entire depth at least
4 times. A typical crack response is illustrated in Figure 105.
Sinusoidal-type CRT displays were found to be indicative of irregular
surface contour in the holes attributable to the flutes of the reamers
used. It was noted, however, that after the holes had been tested by
five different operators that the holes appeared to be burnished and a
stainless steel coating remained in the holes. No significant wear
on the probe was noticed; however, before any further tests with an
absolute probe, the holes had to be chemically cleaned due to the
changes in apparent conductivity of the hole surfaces. Testing of the
holes was approximately 10 times faster with the Circograph as with the
other systems investigated.

The test labeled "ED 520-Uncomp" was performed using a Magnaflux
ED 520 eddy current instrument with an absolute probe. This particular
instrument uses continuously variable frequencies (from 55 to 200 KHz)
which are fixed by the probe coil and the lift-off compensation. Lift-off
compensation was negative and the test frequency was 134 KHz. The
operating point was selected to give the maximum response to the
difference in conductivity from the two pieces of titanium in the
reference standard. The absolute probe was the same as before. The
sensitivity of the instrument was set to yield a 110 microamp difference
between the piece of Ti-6A1-6V-2Sn and Ti-8A1-lMo-lV in the sensitivity
standard. Again a Moseley 680 strip chart recorder was used as an aid
for crack detection and a scan index fixture was used for the 1/16 inch
scan index.

More indications wey obtained using the Circograph than with the other
instruments. Since none of the cracks were fractured to confirm their
existance, it is not known how many of the indications were from dis-
continuities other than cracks. It also appeared that, among the other
methods, the methods using absolute hole probes were less sensitive to
cracks occ'.Lrring near the edges of the holes than was the method employingthe differential probe. In comparison, the Circograph was the most
sensitive method for cracks occurring near the edges of the holes since
it was easy to maintain probe normality and there was virtually no
edge effect. Also, the high probe rpm allows inspections at very
small index values with little loss in test time.

i
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FIGURE 105
CATHODE RAY TUBE PRESENTATION OF CRACK RESPONSE
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i. Verification of Surface Crack Size

Several of the tension-tension fatigue and bending fatigue surface
connected cracks used in the program were intentionally exposed in
order to measure their actual length and depth. Sawcuts were made ad-
.jacent to the crack and the specimen was intentionally failed by over-
load. The fracture surfaces of the original fatigue cracks were
examined and the actual length and depth of each were measured. The
actual crack dimensions are listed in Table 82 and photographs of
typical fracture surfaces are shown in Figure 106.

Several of the specimens were examine,4 intact at a magnification of
h0ox in order to measure the width of the cracks. The average crack
width was .0005 inch.

2. POROSITY

Several hand forged billets (Ti-6A1-6V-2Sn) containing porosity have
been collected during past internal programs. The billets sections were
4-1/2 x 4-1/2 inches, 4-1/2 x 6 inches, and 4-1/2 x 5-3/4 x varying lengths.
The porosity in each of the billets is positioned as shown in Figure 107.
A program was conducted using these pieces to measure the diameter of typical
pores which are detectable during a penetrant inspection.

-i. Ultrasonic Method

The billets had beeni certified as ultrasonically acceptable at a
Class A level (similar to class A described in MIL-I-8950B - Inspection,
Ultrasonic, Wrought Metal, Process for). Subsequently these same
billets were submitted to mechanical properties testing and failed at
a level below mininium allowable limits for tensile strength and
ductility. As a result of the failure, a section of the failed billet
was submitted to a metallographic evaluation. An unacceptable porous
condition was Vound within the billet, with the heaviest concentration
of stringer type porosity lying near the outside of the billet. Figure
]07 illustrated the distribution of porosity in a typical billet.

With the discovery of the porosity, ultrasonic reinspection of the
billets was undertaken. The following setup was used:

(1) Parts were immersed and a 2 1/2 inch watt,, path was used.

(2) A 5.0 MHz flat 3/4" lithium sulphate transducer with a 1r,4T21

with a 105 pulser was used for scanning.

(3) A "distance-amplitude correction" curve based on 3/64" diameter
flat bottom holes with metal travels of 1.25, 2.25, 3.25, and 4.75
inches was established by plotting it on the face of the cathode
ray tube.

With this test setup, a great deal of noise appeared on the cathode ray tube
wherever the billet was examined. This noise fell below the 3/64 inch "dis-
tance amplitude correction" curve in all cases except for one or two small
areas where individual indications appeared above it. These were not re-
jectable indications for Class A. Concurrent with these indications, it was
noted that there was a 50% or more loss of back reflection in the areas of
the billet where the indications were the greatest. This latter observation
La a normal rejectable condition. It was noted that the back reflection is
normally in saturation when a "DAC" curve is established by using the proper
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TABLE 82
ACTUAL SIZE OF SURFACE CRACKS

Targot Actual Actual
Specimen Crack Longth Crack Length Crack Depth

No. (in.) (in.) (in.)

33 0.074 0.014

10 0.0. 0.015
0.025 - 0.050

45 0.010 0.005

75 0.060 0.015

38 0.070 0.025

82 0.059 0.013

39 0.050 0,100 0.060 0.040

56 0.080 0.020

59 0.090 0.030

3 0.119 0.019

11 0.200 0,070

15 0.200 0.070
0.100 - 0.250

25 0.150 0.020

56 0.125 0.035

66 0.105 0.030

8 0.430 0.160

21 0.250 - 0.500 0.410 0.170

30 0.480 0.180

O174.0117 22
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Specimen 33 6X

0.070 In. Lont x 0.014 In. Deep

F!k3URE 106

PHO1O1GRAPHS OF FRACTURE SURFACE OF SURFACE CRACKS
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Specimen 30 4
0.48 In, Long x 0. 18 In. Deep

Specimen 59 6X

0.090 In. Long x 0.030 In, Deep(I,1UI1 (4

FIGURE 106 (Continued)
PHOTOGRAPHS OF FRACTURE SURFACE OF SURFACE CRACKS
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FIGURE 107
TYPICAL POROSITY IN HAND FORGED BILLETSI
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test blocks. With this circumstance, it is impossible to Judge a true 50%
loss of back reflection unless one of the back surface multiples that is not
in saturation is observed. Observation of a multiple back reflection re-
quires compression of the scope picture, which in itself is undesirable, or
taking into account the geometric progression of loss on the multiples of
the first back reflection is a possibility, Another method for eliminating
the problem of the saturated back reflection is to make a separate back re-
flection test scan of the part. At least part of the industry feels a 50%
loss of back reflection is significant only when related to a 50% reduction
in height of the observed back reflection on the cathode ray tube for a
setup whicn has been made on the proper ASTM reference blocks. Since, in

this case, the back reflection is normally in saturation, the observed 50%
loss will amount to an actual 80%, 90%, or more, locs of back reflection.
Surface conditions of the billet influence the loss of back reflection to
a great extent and a slight shift of the part will often eliminate what
appeared to a large loss of back reflection. The fact casts doubt on the
ability to correctly evaluate potential porous conditions in parts with non-
parallel surfaces. Significant losses in back reflection, at least for a
porous condition, must always be accompanied by an increa.ge in the noise
level between the front and back surface.

An additional 10 Ti6Al-6V-2Sn billets were ultrasonically inspected using
the same method of calibration and equipment as used for the first lot,
except that additional ASTM type reference standards having metal travels
of 1/4, 1/2 and 3/4 inch were also use to establish the DAC. The sound
entry and back surfaces of the billets had surface finishes from 125 to
350 RHR. Special attention was given to any loss of back reflection and
also significant indications between the front and back surface indications.
One billet of the 10, in particular, appeared to have reJectable indications
1/2" to 1" below the front surface. These indications were thought to be
too far from the front surface to be due to surface condition, and visually
the surface seemed satisfactory for an ultrasonic test. Nevertheless, it
was decided that a test should be made to definitely establish that the
indications were not due to surface irperfections. The following test was
made:

(1) The billet with the greatest rc,2jctable indications between
front and back surface was selected. The areas in question
on the billet were pinpointed by marking the billet with a
steel stamp.

(2) The surface of the billet was machined (without entirely removing
the steel stamping) to a 32 RILR surface finish.

(3) The billet was retested ultrasonically and the original rejectable
indications between the front and back surface had disappeared.

As a result of this special test, all billets of the lot of 10 billets were
routed to tne machine shop for clean-up of the surface to a finish of 32 to
63 RHR. After surface improvement, the billets were again tested ultra-
sonically and found to be acceptable if the be-ok reflection was monitored
in saturation, but were rejectable if a second test for back reflection
me. surement only was performed w- ;h thr b) !•k reflecti -n at a reduced
luoel. In the second test. the back reflection in the center
of the billets was set at 90 to 95/, of full CRT height; and as the search
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unit removed toward the e.ge of the billets, the back surface response
dropped to below 45% of fu. 1 CRT height. No single indications were re-

jectable. Because porosity had previously escaped detection by ultrasonics,
it was decided to send one billet from the lot of 10 to the chemical milling
department for a ten second surface etch. (On the previous lot of billets,

surface etching had been used to expose porosity). This etch did bring out

a porous condition in the billet; and this condition was considered unaccept-
able.

A subsequent study of the amount of etching required resulted in the

following conclusions. If visual methods were to be employed in evaluation,
an etch removing about 0.010 inches optimum. If a fluorescent dye penetrant
evaluation is to be performed, then a 0.002 inch metal removal is satisfactory
for detecting the porosity.

b, Radiographic Method

Radiographic techniques using ASTM Class I film and low kilovoltage/
high contrast techniques were also used to try and detect the porosity in
selected 4 1/2 inch thick billets. It was assumed that since the porosity
was concentrated along the edges of the billets, the part's radiographic
image would indicate an area of1 greaLter part density in the center of the

billets. No measurable film density difference was obtained, however, in
the resulting radiographs. Image quality of' 2-IT was insufficient 2or
detecting individual pores. Note that for a 4 1/2 inch thick section, a
2% contrast only implies a reso.u~ion of a 0.090 inch thickness change.
The pores were less than 0.020 inches dimuneter. The evaluation of a 2
inch billet setion containing porosity al so did not reveal any radio-
graphic indication of changes in density or presence of pores.

c. Penetrant Method

Each section from the three billets was etched to remove .010 inch

from each surface to ensure removal of any disturbed surface metal re-
sulting from the sawcutting operation. Next, the sections were tri-
chlorethylene vapor degreased for 1.6 hours and penetrant inspected in

the laboratory using Tracer-Tech P-133 fluorescent water washable pene-
trant and Tracer-Tech D499C nonaqueous wet developer. This penetrant
system is equivalent in sensitivity to a MIL-I-25135, Group VI System.
A penetrant dwell time of' 10 minutes was used. Excess penetrant was re-
moved using a hand held Tri-Con 400501 water spray nozzle with the spray

directed normal to the surface; the wash water temperature was approxi-
mately 70°F and the wash water pressure was approximately 40 psi. The

specimens were washed until clean under 200 microwatts/cm2 of ultraviolet
light. Next, the specimens were dried for 20 minutes in a circulating
air oven at 170°"F. After a bleed-out time of 5 minutes, the penetrant
indications were photographed (see Figure 111) using the following
parwicters: approximateiy 1000 microwatts per cm2 of ultraviolet light,

25 second exposure at f9, Royal Pan Film, Tiffin Yellow No. 2 filter.
Next, several of the porosity indications were examined at 200X under a

light microscope (Unitron TMD 3370) and the diameters of the pores were

mtajured. The measured diameters are listed in Table 83. The diameter

of those pores which were detectable by penetrant inspection varied from

0.0025 to o.0i.6 Inch. As can be seen in View B of Figure 107, several

of the pores had considerable depth. At a magnLfication of 200X, the

depth was measured to vary from 0.033 to 0.1L06 inch long.

266



4

S/N4 S/N5 S/N6

FIGURE 108 U PlA O,01 230

PENETRANT INDICATIONS OF POROSITY

TABLE 83
POROSITY DIAMETERS

Specimen Porosity Diameter (in.) Specimen Porosity Diameter (in.) Specimen Porosity Diameter (in.)

0.0025 0.0045 0.0025

0.003 0.005 0.0043
0.005 0.005 0.0045

0.006 0.005 0.0045

S/N4 0.006 S/N5 0.006 S/N6 0.0045

0.0065 0.007 0.0045

0.012 0.009 0.008
0,013 0.008

0.016 0.009
0.009

(W l14 011 1 2t11
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3. INTERNAL CRACKS

a. Specimen Fabrication

Each specimen was fabricated by initially cutting 2 x 5 inch blanks
from 1 inch thick Ti-6A1-4V plate and grinding the 2 x 5 inch face on
each to a 16 rms finish. Rectangular EDM sl-ms were then located on
the ground 2 x 5 inch faces with the long dimension of the slot parallel
to the 2 inch dimension. The slots serve as crock initiation sites and
varied from .005 deep x .015 long to .010 deep x .100 long depending
upon the size of the crack dcsired. A fatigue crack was generated from
each EDM slot by fatiguing in 3 point bending with 67,000 psi stress at
the block surface. The crack growth was monitored optically and was
uuntr-olled to the desired length, Next, the EDM slot was removed by
grinding, leaving only the fatigue craci:. The length of the fatigue
crack was again mensred at high magnification. A cap, 1 x 2 x 5
,nn�hpq W3 mated to thi cracked specimen and the two were diffusion
bonded together (see Figure 109), Prior to diffusion bonding, the
ground face of each block was etched to clean the mating surfEaces in
preparation for bonding. The two blocks were initially joined by elec-
tron beam welding in a vacuum as shown in Figure 109. The cracked block
and the cap were diffusion bonded together in a vacuum at 1710-174 F
for approximately I hour under a load chat was slowly increased from
zero to approximately 2.5 tons. Die blocks were used to restrict the re-
duction in thickness to .060 inch.

A list of the specimens with the crack lengths prior to bonding
is presented in Table 84.

TABLE 84
CRACK LENGTHS BEFORE BONDING IN INTERNALLY

CRACKED SPECIMENS

Specimen Elox Size (in.) Crack Length Srack Length
, _ _ _ __ _ _ _ (in.) Specimen Elox Size (; _) (in.)

Al 0.030 Deep x 0.100 Long 0.231 12 0.010 Deep x 0,060 Lnr'g 0.12,:
A4 0.010 x 0.030 0.059 14 0.010 x 0.060 0.114
A6 0.008 x 0.020 0.032 28 0.010 x 0.040 0.108
A8 0.025 x 0.080 0.123 16 0.010 X 0.100 0.286
All 0.030 x 0.100 0.505 17 0.010 x 0.100 0.281

A14 0,030 x 0.100 0.368 18 0.010 x 0.100 0.269
26 0.005 x 0.015 0.020 29 0.010 X 0.100 0.268
27 0.010 x 0.030 0.048 20 0.010 x 0.100 0.285
7 0.010 x 0.030 0.054 21 0.010 x 0.100 0.536

8 0.010 x 0.030 0.050 22 0.010 x 0.100 0.561
to 0.010 x 0.030 0.055 24 0.010 x 0.100 0.632
11 0.010 x 0.060 0,104 j- 0.010 x 0.100 0.598
13 0.010 x 0.060 0.124
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FIGURE 109

DIFFUSION BONDING OF INTERNALLY CRACKED SPECIMENS
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b. Ultrasonic Testing

The specimens containing internal cracks were subjected to the test
program summarized in Table85. Initially, Specimen Numbers Al., A4,
A6, A8, All, and Al4 were along with 3 uncracked duummy specimens immer-
sion angle beam and immersion straight beam inspected by General Electric

F", in their laboratory. A 3/4 inch diameter focused lithium sulfate 15 MHz
search unit with a focal length of approximately 7 inches in water was
used. A Branson 600 ultrasonic instrument was used to pulse the search
unit at a frequency of 5 MHz. The water path was 6 inches and the scan
index was 1/8 inch. For the angle beam inspection a sound beam angle of
45 degrees in the metal was used. The scanning was manual using a scan

* index of .090 inch.

An evaluation was made of the difference in sound transmission
characteristics between the reference standard and a representative test
specimen by monitoring back surface reflections. Since the gain setting
at a particular amplitude in the reference standard was within .30 per-
cent of the same amplitude back reflection in the test speciman, no
correction was made during the actual testing.

The first series of tests were performed at a scanning gain estab-
lished with the Ti-6A1-4V reference standard shown in Figure 110. The
search unit was adjusted such that the responses from the side drilled
holes at 3/8 and 1-1/2 inch metal travels were equal. Next., these
responses were adjusted to 80 percent of saturation and the test sneci-
mens were scanned at that gain level. The amplitude of all discontin-
ities at that scanning gain were recorded. The sound beam angles for
the various tests at that scanning gain are shown in Figure 111.

A second series of tests were performed by adding 12 d.B of ge-in to
the original gain level. For each discontinuity found, the search unit
was manipulated to maximize the response and the signal amplitude was
recorded. The results of the testing is shown in Table 66. Only Angle
Beam Test No. 1 was successful among the angle beam tests in detecting
cracks. This probably indicates, that, for the other tests, the
cracks were not oriented favorably with respect to the sound beamA
such that the sound was not reflected back to the receiving search
unit.

In addition, the straight bean testing was successful in detecting
three of the cracks. The response from several of the cracks was rela-
tively small. For example, the amplitude of the response from the .123
inch long crack was 15 percent of saturation with the straight beam
test. Such small responses may result in acceptability of production
parts, depending upon the acceptance criteria used. One explanation for
the small response from such a relatively large crack is that, during
the fabrication of the specimens, partial healing of the crack may have
occurred during diffusion bonding and the actual crack length may be
less than the expected crack length. There were no false indications
recorded during the inspections. It should be pointed out that the
small amplitudes recorded in Table 86 are approximations since it is
not possible to accuraitely measure such small amplitudes from the CR~T
screen.
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TABLE 85

SUMMARY OF ULTRASONIC TESTING OF INTERNALLY

Ný, CRACKED SPECIMENS
Testing Test MethodGroup

Lab -Straight Beam Immersion
Lab - Angle Beam Immersion

Jet Engine Pouto tagtBa meso
Production - Stangle Beam Immersion

AirFore Mterals Lab - Angle Beam Immersion
ff Laboratory

Airframe Lab - Straight Beam Immersion
Lab -Straight Beam Contact

(3I'4 01 1/5jO

T ABL E 36'
ENGINE ULTRASCINHC iNSPECTION (LABORATORY) RESULTS FOR

INTER NAL CRACKS

Crack__ Amplitude of Resone_%_fStuaton

Crack Ampli~~~tud ofRsosao auain
Specimen Length Sright Beam Angle Beam

(in.) Test No. 1 Ts oNo,

Al 0.231 No Response No H, sponse No Response /\

A4 0.059 No Response No Resp -nse No Response No Response

A6 0.032 No Response No Respor.e No Response No Response

AS 0.123 15% 60% L321%

All1 0.505 23% 100% 40% 100%9/

-14 0.368 45% 100% 6 5X 100%

/1 Sanning gain was established by settirg the minimum response

S2Scanning gain was establishedc as above except 12 dB was added.

a Reimsioie was too sniali to be mneasuredl.
GPY4 0111 !,Jt

A Actual1 crack length may Ire less than showt due to
partial healing during diffusionr bonding-
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Following the laboratory inspection of the internal cracks, produc-
tion ultrasonic inspections were made on the 6 cracked specimens and
the 3 uncracked specimens using the normal production inspection facili-
ties and personnel. The sound beam directions were the same as for the
laboratory inspections. Each specimen was inspected 3 times by each of
3 inspections. The results of the testing was shown in Tables 87 and 88.
Of the angle: beam tests, only Angle Beam No. 1 was successful.

In some cases, there was a large variation in response amplitude as
recorded from one test to another for the same inspector. For example,
for specimen Alh which has an original crack length of .368 inch. Inspec-
tor A recorded response amplitudes of 12%, 78% and 100% of jaturation
in 3 tests. In other cases, however, the 3 response amplitudes were
approximately the swme. As with the laboratory inspections, there were
no false indications recorded.

For comparison purposes, the 6 cracked specimens and the 3 uncracked
dummy specimens were ultrasonically inspected at the Air Force Materials
Laboratory. A 1/2 inch diameter, lead zirconate titanate, 7 M1lz search
unit was used. This .iearch unit was focused and had a focal length in
water of approximately 6 to 9 inches. The test frequency was 5 MHz and
a Branson 600 ultrasonic instrument was used. The water path was 2-1/2
inches and the scan index was 0.020 - 0.040 inches. The inspection pro-
cedure and reference standard was the same as used by the engine manu-
facturer. Two independent inspectors were used. A summary of the results

is in Table 89. Of the angle beam tests, only Angle Beam No. 1
w-i successful.
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TABLE 87
RESULTS OF ENGINE PRODUCTION STRAIGHT BEAM IMMERSION TESTS

CrackResponse Amplitude (% of Saturation)
Specimen Length lnsp4ctor A Inspector B inspector C

1 2 3 1 2 3 1 2 3

A6 0.032 - - - - -- - -

A4 0.059 - - - - - - - -

A8 0.123 15 12 8 8 5 8 12 12 10

Al 0.231 - - - - - - - -

A14 0.368 12 Sat, 78 Sat. 18 50 35 30 32

kiAll 0.505 18 40 60 8 15 23 25 35 35j
AjScanning gain was established by sotting the minimum

response to 80% of saturation. oP74.0111 75 4

CrackResponse Amplitude (% of Saturation)
Specimen Length Inspector A Inspector BInspector C

(in.) A - - ___

1 2 3 1 2 3 1 2 3

A6 0.032I

A4 0.059

A8 0.11'.1 65 65 35 48 43 45 60 65 60

rAl 0.231

A14 0.368 59 Sat. Sat. Sat. 80 Sat. Sat. Sat. 95

All 0.505 75 Sat. Sat. 37 70 Sat. 90 Sat. Sat.

L\Scanning gain wa, estsblished by setting the minlmom response to 80%

of saturation and sub' racting 12 da of attenuation. 0PI4.O1 I7.6B 41
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TABLE 88
RESULTS OF ENGINE IMMERSION ANGLE BEAM TESTS Al

Response Amplitude (% of Saturation)Crack

Specimen Length Inspector A Inspector B Inspector C
(in .) ....

1 2 3 1 2 3 1 2 3

A6 0.032

A4 0.059

A8 0.123 10 10 12 5 9 5 5 12 13

Al 0.231

A14 0.368 61 46 60 57 62 10 Sat. Sat. Sat,

All 0.505 25 30 00 33 47 60 72 7 75

L Scanning gain was established by adjusting the minimum
response to 80% of saturation.

GP74-0117 56

Response Amplitude (% of Saturation)
Crack

Specimen Length Inspector A Inspector B Inspector C
(in.)

1 2 3 1 2 3 1 2 3

A6 0.032

A4 0.059

A8 0.123 47 55 62 35 50 28 30 65 65

Al 0.231

A14 0.363 Sat. Sat. Sat. Sat. Sat. 40 Sat. Sat. Sat.

All 0.505 Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.

&Scanning gain wae as¶taibished by •djutting the minimurm response to

80% of saturation vid subtracting 12 dB of attenuation.
GP174 01 ; 5
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TABLE 89
RESULTS OF AFML LABORATORY ULTRASONIC !NSPECTIONS

Response Amplitude (% of Saturation)

Crack Angle Beam
Specimen Length

(in., Inspector 1 Inspector 2

A6 0.032 0 0 0 0

A4 0.059 0 0 0 0

Ab 0.123 0 50 0 70

Al 0.231 0 0 0 0

A14 0.368 63 Saturation 32 Saturation

All 0.505 48 Saturation 20 80

A Scanning gain was established by setting the minimum response to 80% of saturation.
L Scanning gain was established by setting the ninimum response to 80% of saturation.

and subtracting 12 dB of attenuation.

OP/40t17 15
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All the specimens listed in Table 84 were straight beam immersion
inspected in the laboratory at the airframe manufacturer. A flat 3/4 inch
diameter, 5 MHz SIZ search unit (S/N 21269) was used in conjunction with a
Branson 600 ultrasonic instrument and a 623Ts pulse/receiver. A 3 inch
water path was used and this water path was maintained to +1/8 inch
between the reference standards and the test parts, th! reference stan-
dards used were typical ASTM-type standards with 3/64 inch diameter flat
bottom holes as reflectors. The reference standard material was Ti-6Al-4V.
An adjustment was made for the difference in sound trarsmission charac-
teristics between the reference standard and the test pit.!e by comparing
the dB difference in back reflection through the 5 inches of metal in the
test specimen and through the 5 inch metal travel reference standard. It
was found that the difference was 1 dB per inch of metal travel. Next,
the metal travel of each reference standard was multiplied by 1 dB per
inch in order to arrive at the required correction factors. Next, the
3/64 inch diameter flat bottom hole in the reference standard exhibiti~ig
the maximum response in the set was adjusted to 80% of saturation. The
responses from the other reference standards were mathematically adjusted
using the correction factors and marked on the CRT screen to form a DAC
curve. For scanning purposes, an additional 6 dB of attenuation was sub-
tracted for greater sensitivity.[ The scan index used was 0.25 inch. The scan index was 2hecked on the
reference standard to determine that at the extreme ends of the scan
index, the response was greater than 50 percent of the maximum response
from the 3/64 inch diameter flat bottom hole in the reference standard
at a 3 inch metal travel. Each test part was manually scanned as shown
in Figure 112. For all discontinuities with amplitude greater than 50%
of the DAC, the search unit was manipulated to maximize the response,
the scanning gain was reduced by 6 dB and the amplitude was recorded as
a percentage of the DAC curve height. In a normal production inspection,
only those discontinuities whose amplitude equalled or exceeded the DAC
curve would be rejected.

The results of the laboratory inspection is shown in Table 90 . Photo-
graphs of typical cathode ray tube presentations are shown in Figur- ll.
As had occurred in some o1' the previous testing, there were cases where
the ultrasonic response versus crack length b-fore bonding did not follow
the xpected pattern. For example, in Specimen 9 the response was 50%
of tne DAC and in Specimen 12 the response was 20% of the DAC, even though
the crack length prior to bonding was twice that in Specimen 9. This I
could occur if partial healing of the cracks took place during diffusioni
.bonding.. Subsequent destructive analysis of the cracks in Specimen Num-
ner: :" Al, and Au failed to reveal any e'idence that the cracks survivrd '

i'0on bonding operation. The smallest crack detected during thu
t9<:i,,1 .; nad a crack length prior to bonding of .048 inch (Specimen 27).

Following the straight beam immersion tests, a laboratory straight
beam contact test was performed upon each specimen. A 3/i1 inch diameter,
5 NflMz, SFZ search unit (S/N 11356) was used. ailong with a Branson 600
instrument. The specimens were checked for difference in sound trans-
mission characteristics from the reference standards as before. The dif-
ference was small enough to ignore. The specimens were scanned with the
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Type A Specimen Type B Specimen

FIGURE 112
SETUP FOR STRAIGHT BEAM IMMERSION TESTING OF
INTERNALLY CRACKED SPECIMENS

GP 4 0 1 t1 6

2791



. . . . . . . . . . . ... .¶

TABLE 90
ULTRASONIC INSPECTION RESULTS (AIRFRAME) FOR INTERNAL CRACKS

Crack Length Specimen Ultrasonic Respon;e (%DAC)
Before Bonding Seie

(B nd)in No. Straight Beam Contact
Immersion Straight Beam

0.020 26 No Response No Response
0.032 A6 No Response No Response
0.048 27 30% No Response

0.050 8 30% No Response
0.052 9 50% No Response

0,055 10 No Response No Response
0.059 A4 No Response No Response

0.104 11 60% Saturated I
0.108 28 30% 100%
0,114 14 40% No Response
0.123 A8 Saturated 80%
0.124 12 20% No Response
0,124 13 30% No Response

0.231 Al 25% No Response
0.268 29 100% Al No Response
0.269 18 25% No Response
0.281 17 20% No Response

0.285 20 40% 100%
0.286 16 30% No Response
0.368 A14 Saturated 1 Saturated 1
0.505 Al1 Saturated 1 Saturated 1

0,536 21 160% 1 Saturated I.
0.561 22 .00% /1 Sturated 1>
0.598 25 100% /1
0.632 24 50% 100% Li\

Uncracked 23 No Respone No Response
Dummies 33 No Response No Response

38 No response No Response
39 No Response No Response

AA OP74-01 17-60
If the rejeIu'i cr•reria would be to reje-.t all parts with crack2 whose rasp.anse was
equal to or greater than the DAC curve, these parts would be rejected.

Actual crack may be less than the shvwn length beceuse : partial healing
during ,elnding.
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Saturated Signal from 0.505 In. Long Crack Signal from 0.23 In. Long Crack in Specimen Al
(Specimen Al 1) (Signal is 25% of DAC Curve)

Op/4 i1 1 -.61

FIGURE 113
TYPICAL RESPONSES FROM INTERNAL CRACKS DURING STRAIGHT

BEAM IMMERSION TESTS
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sound beam direction the same as in the immersion tests. The couplant
was "Lubriplate" grease. The results of the testing is shown in Table
90. As can bte seen, the contact tests were not as effective as the
immersion tests for detecting the cracks. Eleven cracks detected by
the immersion method were not detected by the contact method. These
cracks ranged in length (prior to diffusion bonding) from .048 to .286
inches. Of course, the present length ol" these cracks may be less than
the length prior to bonding.

c. Verification of Internal Crack Size

Two of the internal cracks used in the porgram were intentionally
exposed in order to measure their actual size. Saw cuts were made ad-
jacent to the cracks and the specimens were intentionally failed 1;y
overload. The fracture surfaces were examined and the actual length and
depth of each fatigue crack was measured. The measured crack dimensions
are recorded below and representative photographs appear in Figure llh.

Target Actual Actual
Specimen Crack Length Length Depth

0o. (Inches) (Inches) (Inches)

20 .285 .37 .075
1 •.536 .56 .1i10

11,:rc Ot. iotev sjp•cimcics containing internal cracks were cross sec-
tioned and examnined metallographically to locate the cracks. These
, pc.i.mens, Numbers 12, Al, and Ah, were selected because the ultrasonic

4 •csponse from the cracks were quite low or zero and it was desired to
deteermine if partial healing of the cracks had occurred during diffusion
bon I .nCin. Eaitch cross section was polished several times and there was no
evidence of cracks in any of the cross sections. Based on this, it
apý)eaws that. these cracks either partially or totally healed during dif-
fusion boiiding which explains the lack of significant ultrasonic
response from these specimens.
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Specimen 20 4X
0.37 In. Long x 0.075 In. Deep

Specimen 21 4X
0.56 1In. Long x 0.140 I n. Dm'p

1' 4 0 11 ,,';

FIGURE 114
PHO *OGRAPHS OF FRACTURE SURFACE OF INTERNAL CRACKS
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4. SEGREGATES - JET ENGINE DISK FORGINGS

a. Radiographic Inspection

Disk forging No~s 4, 5, and 6 from the ingot bottom arid No's 7, 3,
I' and 9 from the ingot top were inspected radiographically by the engine
L nufacturer. Production X-ray interpreters, qualified to MIL-STD-1453, p

:re used to interpret the films. The forgings had been machined to a
125 rms or better finish, First, two exposures were made of each
forging with a G.E. OX-250 X-ray machine to examine the 2 3/4 inch thick
area. The parameters shown in Table 91 were used. MIL-STD-1453 2 per-
cent thickness titaniunm penetrameters were used as image quality iidi-
cators and were piacted on the source side of the forgings (see Figure
115). Each exposure was made with the X-.ray beam centered at the
forging center. The film was processed manually. The geometric "m-
sharpness was .385 nun. Exanination of the GAF OO film indicated that
the IT hole in the I 1/2 inch penetrarneter was visible resulting in an
equivalent sensitivity of 1.4 percent. When the GAF 100 and GAF 400
film 12 wer 2 placed together and exnmined, tle IT hole was visible zin the

1/2 inch penetrameter. The overall film density was 2.)4 to 2.6 H and
D when the two films were viewed together and 1.9 to 2.1 I and ) where
the GAF 400 film was viewed separately. For the NOT 55 film, the over--
all density was 2.3 to 2.5 i and ) and the T hole wa3 visible. When
these films were examined for evidence of discontinuities, the rim sec-
tion was not examined. Two ad.ditional exposure: were made t o examine

the rim section arid the thin section in the center of the forging.
(see Table 91). Again a G.E. OX-250 X-ray machine was used. One Inch

titanium penetrameters were placeJ on the rim ffor Exposure 1. Exposu-re
2, made at a separate facility, was made with a 3 inch titanium pene-
trameter since a I inch penetrameter was not available. The overall
film density ranged from 1.5 H and D at the rim to 3.2 in the center
section for the GAF ;00 film and 1.9 in the rim s•ection for the NDT 55
film. The 2T penetrameter hole was visible on the GAF 40 film and the
IT hole was visible on the 'J)DT 55 film resulting in an equivalent sensi-
tivity of 1.1i percent.

Finally, an exposure was made o1' the entire forg'ng using a Vander-
graf in order to exawilne the entire forging on one radiograph. T'Ie
overall film density varied from 2.8 to i.1. H1 Lzd 1) and the geometric
unsharpness was 0.155 mm.

Taere was no evidence of segretates discernible in any of the films.

Following the radiographic inspections, forging No's 14, 5, 8, and
9 were sent to the Air Force Materials Laboratory for radiographic
inspection. One exposure was made of ,eatch Corgiag with a Norelco
PC-300 X-ray machine. A kilovoltage o' ;'RO K.V1M and a i0 i.a./f minute
exposure were used. The film was Kodalrk M and a .010 inch thick lead
front screen was use'S.' along with a .*01.) 1nn tshik lead brick su1Ofreli.
The soturce-to-Vil.m distance was 413 mnl c, and the geometric uiishiarpness
was .OL inch. Three inch t. it, an t1 WTI f ,-; uI - 4 V11 p)Cnre t, aMctt I%; wPe1'tn
p ae , on ii h oue scurce i3 e of the t'o r, II, rig ! i r i ,a ch, exp1su)s ' . Each
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5 1 / 2 -.. Radiographic
______________Film

LI

1-1/2

F I2-3/4

Penetrameters Were Penetrameters Were
Located on This Surface Located on This Surface
for Exposure of Rim for Exposures for 2-3/4 inch

Section and Overall Forging

X-Ray Beam

G P74 011I 260

FIGURE 115

RADIOGRAPHY OF DISK FORGINGS

TABLE 91
JET ENGINE MANUFACTURER LABORATORY DISK X-RAY INSPECTION PARAMETERS

2-3/4 in. Section Rim Section Entire

-Exposure 1 Exposure 2 Exposure 1 Exposure 2 Forging

KVP- ..........-....................... 250 250 250 250 1500

MA ---------_----.----------------10 10 10 1G 10

Time (min).... ..............- -..... . 8 6 3 2-1/6 2-5/1'.

Film --------------------- _---- GAF 100 NDT 55 GAF 400 NOT 55 NDT 55

and 400

Screens (Lead) Front (min) ---.--- 0005 in. 0.010 in. 0.005 in. 0.010 in. 0.010 in.

Eack (min) . .. 0.010 in. 0.010 in. 0.010 in. 0.010 in. 0.010 in.

SSource-toFilrn D.stance .............. 36 ', 38 in. 36 in, 48 in. 42 in.

Developing (min) ------------ ---- 8 5 8 5 7
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film was processed manv.ally and examined by an, interpreter qualified
to MIL-STD-453. The overall film density was approximately 2.0 H and
D density units and the 1T hole was visible in the penetrameter image
or through the 2 3/4 inch thickness resul•;ing in an equivalent sensi-
tivity of 1.53 percent.

As in the case of the investigation by the engine m'anufacturer,

there was no evidence of any segregates discernible.

b. Penetrant Inspection

A laboratory fluorescent penetrant inspection was carried out on
the 6 disk forgings at the engine rmanufacturer. The' specimens were
swabbed with alcohol as a cleaning method prior to application of the
penetrant. The penetrant, Magnaflux ",-22A which is a MIL-I-25.35,
Group VI post-emulsifiable penetrant, was allowed to dwell on the
forgings for 30 minutes. Excess penetrant vas washed from the forgings
by a water spray at 45 psi and the water temperatiure varied from 78'F
to 85OF and the washing time varied from 55 seconds to 105 seconds.
Next, the forgings were oven dried at 136 0 F - 168 0 F for 10 minutes
prior to application of' the Magnaflux ZP-4A dry powder developer. A
minimum of 5 minutes was allowed for development. The forgings were
examined in a darkened booth with 1,100 microwatts per cm2 of' ultraviolet
light intensity at the forging surface.

A second penetrnnt inspection was performed on the forgings with

Magnaflux ZL-30A post emulsifiable penetrant. Prior to the spcond
inspection, the forgings were again cleaned by swabbing with alcohol.
A penetrant dwell time of 30 minutes was used prior to emulsification
with Magnafluix ZE-hA for 1 minute. Excess penetrant was removed by
spray washing at 50 psi and a water temperature of 70OF - 91°F. The
washing time was 10 seconds. After washing, the forgings were oven
dried at 140F' - 150%F for 10 minutes before application of the
Magnaflux ZP-hA dry powder developer. A minimum of' 5 minutes was
allowed for development. The forgings were examined in a darkened
booth with 1,100 microwatts per cm2 of ultraviolet light intensity at

the inspection surface.

There were no relevant penetrant indications detcct,.t )ring the
two inspjectionis. The only indication was from burrs and m•.ct ine tears.

Next, the forgings were sent to the Air Force Materials ýai. -rautc(ry

for penetrant inspection. The forgings were cleaned by trichlo7 •..-
yiene degreasing for 1 hour prior to immersion in Magnaflux ZL-22A
fluorescent penetrant for 30 minutes. Emulsification with ZE-3 was

performed for 30 seconds. After excess penetrant was washed from the
surfaces, the forgings were dried for 5 minutcs at 180%1. ifext,
Sherwin D-i00 nonaqueous wet developer was applied for a minimal
5 minutes. Ps in the case of the engine ln.spections, there were no
relevant penetrant indications.

c. Ultra.sunic Inspection

P'rior to uItr•rsonic inspect. Ion, th(! disk t'orgings were machfiried
to a I25 rito or- bet, tyr -urface finish u;s shown in Figure I. t,C., i.
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FIGURE 116
AREAS MACHINED ON DISK FORGING
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the machining operation, the forgings were subjected to ultrasonic
IV inspections at the engine manufacturer and also at the Air Force

Materials Laboratory (see Table •2).

Production inspection of the forgings at the engine manufacturer
consisted of several straight and angle beam immersion inspections.
A 15MHz 3/4 inch diameter lithium sulfate focused search unit with a

Ic focal length of 6 to 9 inches in water was used. The search unit was
pulsed at 5•iiz using a, Branson 600 ultrasonic instrument. A waterpath
of 6 inches was used for both the straight beam and angle beam in-
spections and a 1/8 inch scan index was chosen as a typical production
inspection scan index. The indexing was automatic while the scanning
was manual. The refracted sound beam angle in the metal was 45 degrees
for the angle beam inspections.

Production Angle Beam Immersion Inspection

The search unit position with respect to the reference standard
was adjusted so that the sound beam angle was 45 degrees in the metal.
Next, the water path was adjusted to 6 inches to bring the focal point
of the sound beam to the .020 inch diameter hole with the greatest
metal travel. During calibration, the gain was adjusted to bring the
hole response to 80 percent of saturation, 12 dB of attenuation was
removed and the gain setting was recorded. Then, the search unit was
moved to obtain responses from each of the other holes and their response
was adjusted to 80 percent of saturation, 12 dB of attenuation was removed,
and the gain setting was recorded. The scanning gain for the inspection
of the test specimens was the highest recorded gain setting plus an
additional 12 dB.

During the scanning of the test parts, all discontinllties with

amplitudes greater than 40 percent of the corresponding reference
standard response at the same metal travel distance were evaluated
further by manipulating the search unit. If the response, at the
"plus 12 (iB" gain, exceeded 60 percent of the corresponding reference
response, the discontinuity was recorded.

The reference standard used had similar sound transmission char-
acteristics as compared to the forgings. The gain setting at a

particular back reflection amplitude in the reference standard was
within 30 percent of the saiae amplitude back reflection in the forging
at the same metal travel.

The sound beam angles used in the angle beam inspection are shown
in Figures 117 and .18. As can be seen, circumferential, axital, and
radial shear were used. If, during initial calibration, it was found
that it was not possible to inspect through the entire thickness of
the forging, inspections were performed from opposite surfaces to
ensure 100 percent inspection.
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TABLE 92
SUMMARY OF ULTRASONIC INSPECTIONS OF DISK FORGINGS

Location GE Production AFML V
Forging in Inspection Inspection

No. Original B
Ingot A B A B

4 Bottom X X

5 X X X X

6 X X

1 Top X X

8 X X

9 X X X X

GP74,O1 17.248

L-1 L.3-\

L-21

Straight Beam Inspection

RS 2\ S 3

RS 1i
AS

RS 4 '/ RS 5

Radial and Axial Shear Inspections
UIP Y Al 0 1 17 242

FIGURE 117
SOUND BEAM DI:ECTIONS FOR DISK FORGING INSPECTIONS
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FIGURE 118
CIRCUMFERENTIAL SHEAR INSPECTION
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Production Straight Beam Imersion

Initially, the search unit was manipulated to maximize the
response from the .020 inch diameter hole at a metal travel of
1/8 inch in the reference standard. Next, the water path was
ajusted in order to produce an approximately equal response from
the .020 inch diameter holes at 3/8 and 1 1/h metal travels. 'The
gain control was adjusted to bring the two responses to 80 percent
of saturation, 12 dB of attenuation was removed, and the gain
setting was recorded. The search unit was positioned over the

remaining holes in the reference standard and the response was
adjusted to 80 percent of saturation. Next, 12 dB of attenuation
was removed and the gain setting was recorded. Finally, the scanning
gain was obtained by adjusting the smallest hole response to 80
percent of saturation and removing an additional 12 dB of attenuation.

During the scanning of the test parts all discontinuitiez with

amplitudes greater than h0 percent of the corresponding amplitude of

the reference hole at the same metal travel were evaluated further by 1

manipulating the search unit for maximum response. If the response,
at the "plus 12 dB" gain, exceeded 60 percent of the corresponding

reference response, the discontinuity was recorded.

The results of the inspections are shown in Figures 119 and 120.
A combined total for each inspector is presented in Figure 121.

As can be seen, there were only 2 indications as a result of the

longitudinal wave inspection but many indications as a result of the

* •shear wave inspections. This is true for both inspectors. This is
similar to the results of the ultrasonic inspection of the ingot and
9 inch diameter billet where several indications were found using a
shear wave that was not found using a longitudinal wave. These

results may stem from the orientation of the discontinuities within
the forgings. Also, since the wave length of shear waves is less than
that of longitudinal waves (for a constant frequency), the resolution

capability of shear waves is probably greater than with longitudinal
waves. An examination of the data indicates that many more indications

were located using radial shear than were located with axial or circum-
ferential shear.

A comparison of the results for each inspector is shown in Figure

121. In each disk forging, Inspector B located more ultrasonic indi-

cations than did Inspector A. For example, for Disk Forging No 5,
Inspector A located a total of 32 indications whereas Inspector B

located a total of 183. It should be pointed out, however, that all
6 disk forgings would have been rejected by both inspectors according
to the G.E. production acceptance criteria since rejection is not
b&sed on the quantity of disc'ontinuities.

AFML Inspection

Disks No 5 .nd 9 were straight beam immersion and angle beam
immersion inspected at the Air Force Materials Laboratory using AFML
personnel and equipment. For these inspections, a 1/2 inch diameter,
Branson lead zirconate titanate 7 MHz search unit was used. This search1.9
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Sector 12 Sector1

Sector11Sco2

Forging Total Longitudinal
No. (L-1, L-2, L-3, and L-4)

Sector 10 I.. Sector 3 Sector 1 2 314 5• 7lK' 8 910 11 2

4 0 0 0 2 0 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0 0 0 0 00
Seto 9 Sector 4 7 0 00 00 00 00 00 0

8 0 0 0 0 0 0 0 0 00 0 0
9etr 0 1 101

Sector 8 Sector 5

Sector 7Sector 6

Forging Total Radial Shear Total Radial Shear

No. (RS 1, RS 3 and RS 5) (RS 2 and RS 4)

Sector 1 2 3 4 5 f,7489 1011 121 2 4 6789 10 11 12

4 002210004]11 0000000001000
5 1 200520411004400000000 ,00 0
6 15 8 3 9 8 3 23111 8 7 9 6 0 0 0 0 0 0 0 0 0 0 0 0
7 111020 7213 0 4 13 0 0 0 0 0 0 0 0 0 0 0 0

8 6 4 3 6 2 0 0 5 7 8 11 10 0 0 0 0 0 1 0 0 0 0 0 0

9 0 1000 0 0 0 0 0 0 0 0 0 0 0

Forging Total Circumferential Shear Total Axial Shear
No. (CS 1, CS 2, CS J, CS 4, CS 5, and CS 6) (AS 1 and AS 2)

Sector 1 2 3 4 516 7 8 9 1011121 2 314 5 6f7 8 9 1011112

4 0 0 0 0 0 0 0 2 1 0 0 0 1 0 1 0 0 1 0 0 0 ll 0 0
5 2 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 1 0 1 0 0 0
7 0 2 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

9 0 2 0 2 0 0 1 1 1 0 01 0 0 0 0 0 0 0 0 00 00

FIGURE 119 (..' ""''
DEFECT LOCATION SUMMARY FOR ENGINE INSPECTOR A
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Sector 12 - Sector 1

Sector 1/11 // Sector 2

\ / Forging Total Longitudinal

//N No. (L-1, L-2, L-3, and L4)0 "2
10 I - Sctor 3 Sector I23 56OT01

'Sectur 10S S 1
"""4 0 0 0 00 0 0 0 0 0 0 00

5 0 0 0 0~~ 0 0 0 o 0 0 0 .

\6 0 0 0 0 0 0 0 0 0 0 0 0

Sector 9 i ".to4 4 7 0 0 0 0 0 0 0 0 0 0 0 0

/ 8 0 0 0 0 0 00
S/ I ____oo o ~ o o ol

Sector 8 Sectol b

Sector 7 Sectof 6

Forging Total Radial Shear Total Radial Shear
No. (RS 1, RS 3 and RS 5) (RS 2 and RS 4)

Sector 1 213 4 5 6 7 18 910 11 12 1 2 3 4 1 6 7 8 10' 11 12

4 8 0 7 3 4 10 2 4 19 20 5 2 0 0 0 0 0 0 0 0 0 0 0 0

5 3 12 3 8 19'5 4 26 50112 35 6 0 0 0 0 0 0 0 0 00 0 0

6 29 24 23,42 18'8 52 47 29,40 36 19 0 1 0 0 0 0 2 1 0 0 0 0

7 0 6 51 4 21 1 25 39 2 6 20 0 0 0 0 0 0 0 0 0 0 0 0

8 1110 16 4 3 4 3 6 18123136 16 0 0 (0 O 0 0 0 0 0 0 0 0

9 1(0 32 4 1 27 5 15 22231224 11 0 00 [0 0 10 0 0 0 0 1 1

Forging Total Circumferential Shear Total Axial Shear
No. (CS 1, CS 2, CS 3, CS 4, CS 5, and CS 6) (AS I and AS 2)

Sector 1 2 3 51617 •81 9 118 11'i2 1 2 4 5-61117

4 00000 0 00 00 00 00 00 00 005 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

000 0 0 0 00

7 00 0 0 0 0 0 0 0 0 0 0 021O1 0122 0 0 ;

(W ')4 0 11 1 )46;

FIGURE 120
DEFECT LOCATION SUMMARY FOR ENGINE INSPECTOR B
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unit was focused and had a focal length in water of approximately 5
inches. The test frequency was 5 MHz and Branbon 600 ultrasonic
instrument was used. During the inspections, the disks were located
on a turntable and C-scan recordings were made of the indicatioris,,
The scan rate was 17 revolutions per minute. For the angle bean
inspections, the 1 efracted sond beam angli in the metal was 45
degrees.

The General Electric reference standard, used by G.E. in their
disk forging inspection, was also used in the AFML inspections. The
search unit was positioned over the reference standard in order to
adjust the sound beam angle in the metal to 45 degrees for the angle
beam inspection. The water path established during the straight
beam calibration was used. Then, gain settingn were oltained for an
80% response from each ho).e in the reference standard. Next, the
response from the .0O, inch diameter reference hole at a 1.25 inch
metal travel was adjustel, to 80 percent of saturation. The scanning
gain was increased by removing an additional 12 dB of attenuation and
the C-scan was set to print-out any discontinuities whose amplitude
exceeded 60 percent of sWtuviation. It was found, however, that it
was not always possible to interpret the results at this high
gain since there was a myriad of indications printed out on the
C-scan. ThIs can be explained by the fact that very small discon-
tinuities near the sound entry surface were being inspected at an
effective sensitivity level in excess of the "plus 12 dB" level by
virtue of their short metal travels. In order to evaluate thn Qask
forgings, then, separate scans were made of each at lower gain levels
of "plus 5 dB" and "plus 8 dB"; as a result, approximate distance -

amplitude corrections were obtained for discontinuities at the
shorter metal tvavels. The C-scans were used to locate the discontinui-
ties. Each discontinuity was then evaluated by direct comparison of
their response with the response from the reference hcle at the same
metal travel. If the discontinuity response at the "plus 12 dB" gain
exceeded 60 percent of the corresponding reference response, the
discontinuity was documented.

The straight beam immersion tests were set-up by adjusting the
water path (2 11/16 inches) until the response from the 3/1 and 1 1/4
irmh deep reference holes were identical. Next, the responses were
Sited to 80 percent of saturation, and the sensitivity was increased

b. i dB. No indications were recorded on the C-scans.
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Two independent AFML technicians were used and the Figures
117 and 118 scan plans were reproduced by Inspector A whereas, for
Inspector B, L-3, L-4, C.S.3, C.S.4, C.S.5, and C.S.6 were omitted.

A summary of the test results appear in Figure 122. Listed
are those indications whose amplitude equalled or exceeded 60 percent
of the reference hole response at the "plus 12 dB" level. A compari-
son of the inupection results from G.E. and AFIL for disk forging No's
5 and 9 are shown in Table 93.

TABLE 93
COMPARISON OF TOTAL GE ULTRASONIC INDICATIONS WITH TOTAL

AFML ULTRASONIC INDICATIONS

Sector (in degrees)
Inspector 0 30 60 9O 120 150 180 210 240 270 300 330 Total

Disk No. 5

GE.A 4 2 0 0 5 2 0 4 11 0 0 4 32

GEB 3 12 3 8 19 5 4 26 50 12 35 6 183

AFML A 1 0 3 6 5 6 14 8 8 6 6 8 "71

AFMLB 2 2 3 7 8 6 8 9 6 11 7 63 *75

.. .. .. Disk No. 9

GEA 1 3 0 2 0 0 1 1 2 0 0 1 11

GEB 10 32 4 1 27 5 15 22 23 12 25 11 187

AFML A 3 6 3 1 1 13 4 7 12 9 6 7 **72

AFML B 4 1 1 0 3 6 5 9 6 6 3 2 'p46
(IP74 0117 241

5 indications foun,: v AFML Inspector A on testing not completed by AFML Inspector B,
10 indications found by AFML Inspector A on testing not complted by AFML Inspector B.
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Outer Results are for Inspector A
and lnnei Results are for Inspector B
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M71,

5. PLATE

a. Ultrasonic Inspection

The production ultrasonic inspection was carried out on the plate
using the straight beam immersion method. A 3/4 inch diameter, 5 MHz
SIZ flat search unit (S/N 18650) was used along with a Sperry UMT71
"(S/N 66720) and a 10S dB pulser/receiver (S/N 66727). The vertical and

horizontal linearity of the electronic system had been checked within
4 months of the inspection according to the procedures given in ASTM
E317-68. A 3 inch water path was chosen for the inspections. This
water path was maintained constant for the reference standards and the
plate to +1/8 inch.

Ti-6A1-4V reference standards with 3/64 inch diameter flat bottom
holes at metal travels of 3/8, 1/2, 3/4, 1, and 1-1/4 inches were used
for calibration. These reference standards were commercially purchased
Ti-6Al-4V ASTM-type straight beam reference standards. Initially, a

distance-amplitude curve (DAC) was constructed by positioning the
search unit for maximum response from that 3/64 inch diameter flat bot-
tom reference hole which exhibited the largest amplitude signal. The
signal amplitude then was adjusted to 80 percent of saturation on the
cathode ray tube (CRT). Without changing the gain control, the search
unit was positioned over the remaining reference standards and the
amplitudes were marked on the CRT screen. The points were joined by a
smooth curve. In order to increase the test sensitivity, an attempt
was made to inspect the plate at a higher scanning gain. First, 19 dB
of attenuation was removed which is approximately equivalent to cali-
brating with a 1/64 inch diameter flat bottom. However, at this gain
level, the ultrasonic noise in the plate was so high (exceeded 25% of
the DAC curve) as to prevent effective inspection (see Figure 123).
Next, a total of 7 dB was subtracted (equivalent to a 2/64 inch diam-
eter hole calibration) but again the noise in the plate exceeded 25%
of the DAC curve was too high (see Figure 120i). Finally, the gain was
reset for the original 80% of saturation from the highest amplitude
reference standard. The rational of increasing sensitivity by a spe-
cific amount rather than attempting to drill and use exceedingly small
reference standard holes is valid within certain limits and should be
mentioned at this time. On a previous internal program using aluminum
ASTM type blocks, it was found that the relationship between the search
uni, diameter and frequency effects the response from the holes. Both
contact and immersion type search units were used. Frequencies and
diameters of the active areas were varied and the responses were mea-
sured from several holes. The table following lists the average results

obtained.
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op 1401 1

FIGURE 123

HIGH NOISE LEVEL IN PLATE AFTER SUBTRACTION OF l9dB

FIGURE 124 (1PM 0))! 2)0

HIGH NOISE LEVEL IN PLATE AFTER SUBTRACTION OF 7 dB
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Response Variations, (dB)

Frequency, MHz 2-1/4 5 j. 0
Hole Dia. (Inches) 5 to 3 5 to 8 5 to 3 5 to 8 5 to 8

1/4"l -10 +8 -14 +18 -12 +19
Dis.

(inches) 1/2" - 7 +6 -10 + 8 -12 +10

3/4" - 8 +7 -9 + 9 -10 + 7

It is obvious that at the normal test conditions using 5 M]Uz 3/4 inch
diameter search units, the ratio of hole areas between a 3/64 inch, a

5/64 inch, and an 8/64 inch diameter flat bottom hole varies directly
with the dB gain or loss required to obtain identical CRT .'esponse
amplitude. (i.e. If the ratio of areas between an 8/64 and a L,64 is
64/9 or 7.1, then the dB ratio should be about 17 dB if area/amplitude
is the only variable.) However, as the frequency is increased or the
search unit diameter is reduced, the area/amplitude relationship no
longer holds as can be seen in the values obtained using a 10 MIfz
1/4 inch diameter search unit. This can be explained using the hole
diameter to wave length ratio and the reradiation concept discussed in
the Nondestructive Testing Handbook by McMaster (Reference 5).

In addition, the responses from standard drilled holes (no flat bet-
tom) were compared to ASTM type holes described above and the results
listed in the following table were obtained.

Response Variations (dB)

Frequency, M1z 2-1/4 5 10

#3 -1 -5 -12
Hole
Size #5 -2 -14 -18
(64ths)

#/8 -8 -18 -28

I
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Variations in hole bottom flatness had less effect as the T
frequency and hole size were reduced. The behavior of this
data also can be described by the hole diameter to wavelength ratio.
Plotting the Log D/X ratio versus the difference in dB from one hole
diameter to the next (in the range of 3/64 to 8/54 ") mecer) proved
that a straight line relationship exists and showea htit the flat bot-
tom hole response will equal the response from any surface of the same
diameter when the D/X ratio is equal to or less than 0.5.

This data, although performed on aluminum, should be directly
applicable to titanium since the contour surface block resvlts as well
as the transmission data discussed in this section demonstrates the
transferability of results from one material to the other. Note, how-
ever, whether material transmission characteristics or surface orienta-
tion (both front and back surfaces) or both resulted in differences in
back reflection responses of at least 16 dB from one area of the
bar to another.

A check was made for the difference in sound transmission charac-
teristics between the referenceý standards and the 1-1/2 inch thick
plate. At the gain established as described above, the decibel (dB)

difference was noted between the back surface response in the plate and
in a reference standard with the same metal travel. It was found in
the case of the two plates that there was no dB difference between the
plate and reference standard so that no correction was necessary.

As shown in Figure 125, the plate was scanned manually from two
sides. In each case, the scan index was 0.25 inch. This was chosen
using the scanning gain by determining the total traversing distance
across the reference standards through which no less than 50% of the
DAC curve is obtained.

Approx. 110 in.

Approx. -- - Scan Direction
15 in.

Test No. 1
SSoundj Beam Surface A

T Sound Surface B

Approx. Beam
1.5 in, Test No, 2

OP;4 0117-24

FIGURE 125

SCAN PLAN FOR PLATE

301)

.I



All discorntinuities with amiplitude greater thanl 50% of the DAC carvve
wer"e eval~uaced for acceptance or rejection. Each discontinuity rccpoil,;(
was directly compared to thle flat bottom hole response in a refecrence
standard of appropriate me-,tal travel. The location and size o:F cacti yek-

jectable discontinuity was marked on the piat2ý and, upon completion )f'
the inspection, the information was transferred to miylar ovcr'lay~j.
Finally, aill the markings were removed from the plate.

Upon completion of' the 5 Mfiz straight beamr irixmcrsion testLing, Wwt
plates were reinspected using a 10 MIlvz, 1/2 inchi diamieter, le-ad zi :r1eomiate
titanate search unit (G/N 1538h ). The remiainint! equip~mh-fLt, pr)rutuction
inspector, and procedure was aj for the 5 Mh1z inispe)ction.

A typical CIRT photograph of a disconti.LUity in thle platC iZ Shown1 ill
Figure 126'.

Front

FIGURE 126

Phe re sult" of ' thu two straight loamQ~ iI nsPc('fAt 0I L:3 sti(Wlm Li '1:11)I c!:'. 94
Und 95 . The approximate I okati.101 of' cac I d 11;(,arm ti.nu kty .:; ;I lowlm ill the
sketch inl Fifg)ure 12.2vrld:emtinii':wore 1'01110 11. Uhe10 '
which orit7lroatud 'rolin tIJe( bottolm at' theu lw ict i lt,.ot 'Ph.' I'(' wr Ilk

thle top) at, tUhit oignl.tjrtj ingot 0(. Typo- 11 U L.1i:1.c'ro:t u' xo e
rnthis Ilater~ial. Iroini1 thei( illnr.t top.I)
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TABLE 94
SUMMARY OF STRAIGHT BEAM TESTING OF PLATE FROM INGOT

BOTTOM (SURFACE "A" WAS THE SOUND ENTRY SURFACE)

Approximate Length Approximnt. Depth Respons Amplitude
No. 6 MHz 10 MHz 6 MHz 10 MHz 6 MHz 10 MHz

1 Z/• 0.5 0.6 0.6 No. 3 < No. 2
2 5.0 5.5 0.7 0.6 > No. 5 > No. 5
3 0.5 0.6 0.6 > No. 5 > No. 3
4 1.6 1.6 0.9 0.9 > No. 5 No. 5
5 0.5 0.75 0.75 0.8 > No. 5 > No. 3
6 1 0.9 0.8 <No.3 >No.2
7 L'i 0.8 0,8 No. 3 < No. 2
8 3.25 3.75 0.6 0.8 > No. 5 > No. 6
9
10 0.6 0.6 No. 3 > No. 2
11 0.75 0.4 0.9 > No. 3 > Nu. 2
12 /i\ /I\ U.9 0,8 No. 2 -e Nn, 2
13 0.75 0.75 0.5 0.5 > No. 3 No. 2
14 1.0 0.5 0.6 0.6 > No. 3 > No. 2

115 0.6 0.6 > No. 3 < No. 2

SIndication wea not linear

Indication was not detected o1*,4.on t; 2a
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TABLE 95
SUMMARY OF STRAIGHT BEAM TESTING OF PLATE FROM INGOT

BOTTOM (SURFACE "B" WAS THE SOUND ENTRY SURFACE)

Defect Approximate Length Approximate Depth Response Amplitude

No. 5MHz 10MHz 5MHz 10MHz 5MHz 10MHz

1 0.4 0.75 0.9 0.9 No. 3 > No. 2
2 5.5 5.5 0.8 0.8 >No. 5 >No. 5
3 0.5 0.75 0.9 0.9 No. 3 No. 3

4 1.75 1.6 0.6 0.6 > No. 5 > No. 5
5 0.75 0.75 0.8 0.8 > No. 5 > No. 3
6 1 1 0.8 0.5 >No. 3 No.2
7 A 0.6 0.7 >No. 3 >No. 2
8 35 3.5 0.9 0.9 >No. 5 >No. 5

10 09 0.9 No. 3 >No. 2

11 05 1 12 0.6 No. 3 >No, 2
12 1A 0.6 0.8 <No. 3 >No. 2
13 0.75 0.5 1.0 1.2 >No. 3 >No. 2

14 0.76 0.5 0.9 ('.9 No, 3 < No. 2

15 0.75 0.9 1.0 No. 3 >No. 3
16 2L L 1.2 1.1 >No. 3 <No. 2

ý Indiceflonl was not Ilnoalr

2 indication war not dtetctr d

POP7 (i2) 11 114

2 10 11 1 13 14 15 16 171-18

Surface A
1 lt14 14-- IT. a 6 1 1 -T -- 1 -- !,- 1

O • • • )-- Surtace B 0 1) 04'()•)

(1014 0111 2 7FIGURE 127
LOCATION OF DEFECTS IN PLATE A
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The discontinuities found in the plate from the ingot bottom varied
in length from zero (non-linear) to 5.5 inches. The amplitude response
var4.ed from less than a 2/64 inch diameter flat bottom hole to greater
than a 5/64 inch diameter flat bottom hole.

The test results indicate that greater resolution was achieved with
the 10 MHz frequ,-ncy than the 5 MHz frequency. For example, several of
the discontinuities which appeared to be non-linear using 5 MHz were
found to have length when tested with 10 MHz (see Table 94).

b. Radiographic Inspection

The plate material was radiographically inspected using production
radiographic facilities. The exposures were made with a Siefert Isovolt
400 X-ray machine having a 4.0 mm focal spot. The exposures were made
at 150 KV and 10 millamperes for 15 minutes. A VIL-STD--453 - 3 pene-
trampeter was used as an image quality indicator and was placed on the
source side of the plate. The front screen was .005 inch thick lead and
the back screen was .010 inch thick lead. Cardboard cassettes were used
with 14 x 17 inch Geveart D4 film (ASTiv Type I) and a 1/8 inch thick
l!ad sheet was used to back up the film casse'tte. The focal spot-to-
film distance was 45 inches and -he direction of the central beam was
aligned to be perpendicular to the film surface. Twelve inch wide areas
were exposed using the 14 x 17 inch film to provide for overlapping of
exposures. The exposed film was processed in a Kodak Model B X-Omat
automatic processor using Geveart G135N developer and G334N fixer. The
density of each radiograph was between 2.0 and 2.5 H and D.

None of the segregates which were detected ultrasonically were
observed on the radiographs. A second examination of the films was made
in the area of ultrasonic indications but, again, there was no evidence
of discontinuities on the films. From this, it can be concluded that

the Type I stabilized alpha detects in plate are more easily detected
using ultrasonic techniques than radiography.
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6. BAR

a. Ultrasonic Inspection

The initial production straight beam inspection of the bar was
performed using the same 5 MHz search unit as was used for the plate

inspection. All the equipment for the bar inspection was the same
as for the plate inspection. Ti-6Al-4V reference standards with 3/64
inch diameter flat bottom holes at 1/2, 3/4, 1, 1-1/4, and 1-3/4
inch metal travels were used to establish the DAC curve as described
for the plate inspection. As with the plate inspection, an attempt
was made to increase the scanning gain by subtracting 19 dB and then
7 dB but again the ultrasonic noise level was greater than 25% at
the DAC curve level (see Figure 128). As in the case of the plate
inspection, the gain was reset at th'3 original DAC curve level. The
scan index was .25 inch.

Correction was made for the difference in sound transmission
characteristics between the reference standards and the bar using
the same procedure as for the plate inspection, it was found that
there was a wide variation in the sound transmission characteristics
along each bar. Consequently, each bar was divided into 12 inch
segments and correction was made for the average attenuation within
each segment. The variation in average dB difference between each
segment of the bar and the reference standards is shown in Table 96.
As can be seen the variation was as great as zero to 13 dB within
a single bar. A portion of the dB difference may be due to surface
irregularities.

TABLE 96
VARIATION IN AVERAGE SOUND TRANSMISSION CHARACTERISTICS
BETWEEN BAR AND REFERENCE STANDARDS FOR 5 MHz STRAIGHT

BEAM TES" ING

Bar Variation in Average dB Difference Between
No. Bar and Reference Standard

1-2A2A 0 to 13 dB

1-2A2B 0 to 6 dB

1-2A2C 3 to 12 dB

1-&A2D 0 to 7 dB

1-2A2E 1 to 10dB

1-iA2A 0to 7dB

1-1A2B rto 8dB

1-1A2C 2to 9dB

1-1A2Q 3 to 8dB

1-1A2E 0to 7rdB
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As with the plate inspection, the waterpath was 3 inches + 1/8 inch.
Many of the bars were warped and twisted. Consequently, it was not
possible to scan them automatically and still maintain a + 1/8 inch
water path. Therefore, the scanning bridge was moved by hand by the
operator. The bars were scanned as shovn in Figure 129.

Sound
Beam

0.25 in.
.J. cTest No. 1

.0 jSound Beam

I N Test Test

2I No.4 SudNo.2
0.25 in, Beam

"-IT !Test No. 3

Material 0.25 in,
Inspected0.5i

UP14. I 01132

FIGURE 129
SCAN PLAN FOR BAR

Each bar was inspected in 4 mutually perpendicular directions to
overcome detection difficulties that might arise from the orientation
of discontinuities.

As with the plate, all discontinuities with amplitude greater
than 50% of the DAC on the cathode ray tube were evaluated further
to determine acceptance or rejection. Each discontinuity was evaluated
by manipulating the search unit to maximize the response from the
discontinuity.

The location and size of each discontinuity whose response
exceeded the DAC curve was marked on the bar surface. After completion
of the inspection, the information was transferred to mylar overlays
and the markings were removed from the surface of the bar.

For comparative purposes, a second stru. t beam immersion inspection
was performed using a 10 MHz, 1/2 inch diame-r, lead zirconate
titanate search unit (S/N 15384). The remaining equipment, production
inspector, and procedure was as for the 5 MHz inspection.
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Figure 130 is used to explain the results of the straight
beam immersion tests and Figure 131 is a schematic showing the
section layout. The inspection data is presented in Figure 132.

As can be seen, several discontinuities are present in the bars
which originated from the bottom of the original ingot. There were
no rejectable discontinuities detected in the bars which originated
from the top of the original ingot. Type II alpha segregates were
expected in this material from the ingot top. It is not known if
these segregates exist in the bar at this point or if the
ultrasonic inspections were not successful in detecting them.

The discontinuities found in the bars from the ingot bottom
varied in length from zero (non-linear) to 9.3 inches. The amplitude
response varied from less than a 2/64 inch diameter flat bottom hole
to greater than a 5/64 inch diameter flat bottom hole.

The test results indicate that greater resolution was achieved
with the 10 MHz frequency than the 5 WHz frequency. For example, the
5 MHz inspection of Bar 1-2A2A, Section 7 indicated the presence of
2 separate discontinuities, where as, the 10 MHz inspection revealed
one continuous discontinuity. In addition, there were a few point
discontinuities detected at 10 MHz which were not detected at 5 MHz.

The importance of correcting for differences in sound transmission
characteristics between the bar and the reference standard, can be
seen from the test results. For example, in one area of Bar I-2A2A,
a difference of 13dB was encountered. Without correction, the response
amplitude would be reduced to approximately 25 percent of its amplitude
after correction and it is doubtful that discontinuities equivalent
to a 2/64 inch diameter flat bottom hole would have been detected.

Following the straight beam inspections, several of the bars
were inspected using angle beam immersion techniques. The following
bars were inspected:

1-2A2A, 1-2A2B, 1-2A2D, 1-lA2A, 1-1A2B, 1-2A2C

Eaah bar was inspected using a 3/4 inch diameter, 5 MHz, flat
Aerotech Gamma search unit (S/N 112322) and a Sperry UM 771 Ultrasa.nic
instrument with a 10S dB pulser/receiver. The reference standard was
a 2 inch thick as-rolled plate, machined to the configuration pre-
viously described in Figure 48. The difference in sound transmission
between the bar and the reference standard was measured using the
straight beam immersion method. A 1/2 inch diameter, 10MHz, Aerotech
Gamma search unit was used. A frequency of 10 MHz was choser to keep
the wave length the same as with for 5 MHz shear mode sound beam.
The search unit was positioned over the reference standard and the

back reflection through the 2 inches of metal was adjusted to 60
percent of saturation. Next, without changing the gain control, the
search unit was positioned over the 2 inch thick bar. The search
unit was moved to several nositions on each bar and, in this marner, an
average dB difference between the bar and reference standard -as
arrived at.
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FIGURE 130
DATA PRESENTATION
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FIGURE 131
LAYOUT OF BARS FOR ULTHASONIC INSPECTION
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Bar No. 1-2A2A
10 MHzF- T IT5 inA

- EOP 07n.SurfaceAA

j-------------4.4 in. '-

1.5 n, JSurface B

-L 2 Surhict C
+ 0,6 in.

1.5 n. ISurface D

FIGURE 132
LOCATION OF DEFECTS IN BAR
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Bar No. 1-2A2A
5 MHz
Section 7dSide

3 i1.0 in. urface B

45 in. 2 75 in.
4.5 in.,

2+0 Surface 8

-2.75 in.
45in.

4. 1 SurfaceDC

ý-10 ..- .7

FIGURE 132 (Continued)
LOCATION OF DEFECTS IN BAR
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FGURE 132 (Continued)
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Bar No. I-2A2B

5 MHz
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FIGURE 132 (Continued)
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10 MHz
Section 1
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Bar No. 1-2A2B
5 MHz
Section 6

1.0i i75 in. 2.0 in.

T1.25
0.50 in.

1.12 in. -22. i2 . -n. +2F "~TI~ r~. I1.1 inSurface B

. T 1. iin. 10 in!. .152 in.

T A0,875 in. f 0.875 in.fau

/7

0,50 in.
_- 1.25 in.- --''' 2.0 in.-- - -j

0.875 in.07  +2. +.' -

+2 2.5 in. 5 Surfaced

VT p10.875 in. 0.85. 0,875 in,
in.in

0 .75 in. .o 02 .51.n

FIGURE 132 (Continued)
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Bar No, 1-2A2B
10 MHz
Section 6

1.15 in.- 1

[ 2 215 in. Surface A
p- 1.12 in ,5 F .212 in,

8.3 in.
0.875 in. ,25i-,1.8 in,

-21+121 2.1 In. 1+2  Surface BS"t't•:,-'• l11,15111.

1,12 5 in,

8.5 in,- . I---0,8 in,
0o82 ri1,1  1.2 in.

4-2, -2_ 2.25 in, L42 Surface C

1,14 T0 8  .5 n 0.87 in.0.870,75 ill.

-- 8, 5 in., .. I-0.8 in,1,1 i,1 1In.

0.25 in. Surface D
2 402 .2in, 24±

_082 in,.-"- *0,83in. 0.82 in.

1I"1823 in .

\ -I.3i. 1. /44 01 i A I

FIGURE 132 (Continued)
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Bar No. 1-2A2D
5 MHz
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FIGURE 132 (Continued)
LOCATION OF DEFECTS IN BAR
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FIGURE 132 (Continued)
LOCATION OF DEFECTS IN BAR
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FIGURE 132 (Continued)
LOCATION OF DEFECTS IN BAR
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Section 5

2.75 in. I+2
1.5 in.Surface A

0.8 inT 11. 5.7in.

r~-3 75  ~2.75 in. 13B

0.8in.10.625 in,. SuintaceB

0.85 in.7.i

~-*-3.75 in.-- 5.7 inq.

2.60 in. +21

i~oin 115 n, jSurface D

FIGUR 13iCotnud

3OC75 O.7 DEECSnN.A

2.7 in. +
322ae



Bar No. 1-2A2E
10 MHz
Section 5
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Next, the 5 MHz search unit was attached and adjusted for a 3 inch
water path and a refracted sound beam angle in the bar of 45 degrees
+ 5 degrees. A distance - amplitude correction (DAC) curve was
developed using the side-drilled 5/64 inch diameter holes in the
reference standard. The search unit was located for sound entry points
1, 2, 3, 4, and 5 shown in Figure 133. The signal amplitude was
adjusted to 80 percent of saturation at whichever point gave the
highest amplitude signal. Without changing the gain control, the
search unit was positioned at the other points, the signal amplitudes
were marked on the cathode ray tube (CRT), and the points were joined
by a smooth curve. Then, the search unit was located at Position 6 and
the instrument gain was adjusted to bring the response from the 2/64
inch diameter hole to coincide with Point 2 on the DAC curve.

The scan index was .25 inch. 'This index was chosen using the
scanning gain by determining the total traversing distance across
the reference standard through which no less than 50 percent of the
DAC curve response is obtained. Each our was scanned using Surface A
as the sound entry surface. The scawning direction was parallel to
the 7 foot length of each bar. All discontinuities whose amplitude
exceeded 50 percent of the DAC curve were evaluated further for
reject or accept status.

None of the bars exhibited ultrasonic responses which exceeded
50 percent of the DAC curve, however.. This was true even for those
areas where discontinuities were detected previously by straight beam
testing. Subsequent metallographic examination of the discontinuities
detected by the straight beam tests Indicated that most of the segregates
were somewhat planar and oriented parallel to the sound entry surface.
Such an orientation would favor detection by straight beam techniques
but, apparently, would be unfavorable for an angle beam test.

6. RADIOGHAPHIC INSPECTION

'Mhe bar was radiographically inspected using the production radiographic
facilities. The procedure was the same as for the plate except the exposures
were made at 210 KV and 10 milliamps for 15 minutes.

As with the plate, none of the Type I alpha segregates detected ultra-
sonically were observed on the radiographs.

7. SEGREGATES - AIRFRAME FORGINGS

a. UltraL.cl:ic Inspection

Each cf the airframe forgings were inspected using the straight
beam immersion method. A 3/6 inch diameter, 10 Mhz lithium sulfate
search unit (S'N 15384) was used with a Sperry UJM721 ultrasonic
instrument and a 10S dB pulser/receiver. The water path was 3 inches
+ 1/3 inch.

C,.mmercially produced Ti-6Al-4V reference standards with 3/64 inch
diameter flat bottom holes at metal travels of 1/8, 1/4, 1/2, 3/4, 1,
1-1/h, and 1-3/4 incheE were used for calibration. These reference
standards were ASTM -type straight beam reference standards.
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Initially, a distance-amplitude correction (DAC) curve was constructed
by positioning the search unit for maximum response from the 3/64 inch

diameter flat bottom hole which exhibited the largest amplitude signal.
'The signal amplitude was adjusted to 80 percent of saturation on the

P, cathode ray tube (CRT). Without changing the gain control, the search
unit was positioned over the remaining reference standards and the
amplitudes were marked on the CRT screen. The points were joined by
a smooth curve.

In order to increase the test sensitivity, an attempt was made
to inspect the forgings at a higher scanning gain. A total of 7 dB of
attenuation was removed which is equivalent to calibrating with a
2/64 inch diameter flat bottom hole. At this gain level, the ultra-
sonic noise in the forgings was less than 25 percent of the DAC curve.

A check was made for the difference in sound transmission characteristics
between the reference standards and the forgings. At the gain level
established above, the decibel (d0) difference was noted between the *

back surface response in the forging and in a reference standard with
the same metal travel. This was done at approximately 10 locations
in each of 4 of the forgings. The average dB difference was 2 dB.
It was decided that this difference was insignificant and no corrections
were made for it.

The scan index was 0.25 inch. This was chosen using the scanning
gain by determining the total traversing distance across the reference
standards through which no less than 50 percent of the DAC curve is
obtained.

The scan plaii for the forgings is shown in Figure 134. As can

be seen the thin sections were scanned from opposite sides to improveI
the inspectability near the sound entry surface. Each discontinuity
whose amplitude exceeded 50 percent of the DAC curve was evaluated
further. The search unit was manipulated tc maximize the response
from the discontinuity and, if the maximized response equalled or
exceeded the DAC curve, the location of the discontinuity was mark~edI
on the surface of the forging. A summary of the results is shown in
Figure 135. As can been seen, ultrasonic indications were found in
Forging No. 1 which is from the bottom of the original ingot and Forging
No's 5 and 7 from the top of the original ingot.
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8. METALLOGRAPHIC EXAMINATION OF SEGREGATES IN BAR, PLATE, A=D FORGINOTS

Several discontinuities which were detected during the ultrasonic
inspections were sectioned and examined metallographically. Those discon
tinuities which were examined are listed below.

Part No Ultrasonic Response Length (Inches) Depth (Inches)

Bar 1-2A2B Less than No 2 flat 1.15 1.30
Section I bottom hole

Bar 1-2A2B No 2 flat bottom 2.50 1.12
Section 6 hole

Bar 1-2A2E Greater than No 5 9.3 0.75
Section 4 flat bottom hole

Bar 1-2A2E Greater than No 2 3.0 1.37
Section 5 flat bottom hole

Plate A - Greater than No 5 5.0 0.63
Skction 3 flat bottom hole

Plate A - No 2 flat bottom hole 0.75 0.50
Section 17

Plate A - No 2 flat bottom hole 0.50 0.63
Skction 18

Airframe Greater than No 2 flat
Forging No 7 bottom hole

S~ Ai rframe

Forging No 4

Engine Disk
Forging No 4

Engine Disk
Forging No 6

Engine Disk
Forging No 7

Results of 10 MHz straight beam immersion test
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Photomicrographs of the discontinuities found metallographically in
the bar and plate are shown in Figures 136 through 142. A stunmary of
the size of each is documented in Table 97.

TABLE 97
DIMENSIONS OF TYPE I ALPHA STABILIZED DEFECTS

Location
of Width Thickness

Segregate (in.) (in.)

Bar 1-2A2B
Section 1 0.20 0.03

Bar 1-2A2B
Section 6 0.02 0.01

Bar 1-2A2E
_ Section 4 0.09 0.02

Thickness Bar 1-2A2E

Section 5 0.18 0.03

Plate A - Section 3 0.28 0.006

Plate A- Section 17 0,23 0,06

Plate A- Section 18 0.21 0.03

(31'14 011; 481

The dis;continuities in the bar and plate all were from material which

originated fro the bottom of -;he ingot. This area had been seeded with
nitrided sponge to induce Type I alpha stabilized defects. The detecteddiscontinuities all had the characteristics of Type I segregates as

descr'ibed in "CharactA)rization of Alpha Segregation Defects In Titanium
6Al-4V A~lloy" by E. M. Grla in AFML TR 68-30o. In each, there was
evidence of' crac-ki and/or volds associated with alpha stabilized phase.

'MhE c•'oss •,ti0; Laken through Airframe Forging No 7 were taken through
both of' the ultnasoic indications. The cross sections taken through
Airfrarne Forging No 4 were taken through two random areas since there were
no ultrasonic iJndieations in thiu forging.

There wan no evidence of segregates or cracks and voids in the cross
sections throu;Ih Airfrwne Forging No 7. At this point, it is not knownif the ufltrasonic indications were false indications or if the segregates
were present but not detected during the metallographic examination.
Since there were no ultrasonic indications in the forgings from the top of
the ingot, two random cross sections were taken through Airfrane Forging
No 14 to determine if there were Type II segregates present which were not
detected ultrasonically. There was no evidence of Type II segregates and,
therefore, the testing was inconclusive. A typical photomicrograph of'
the airframe forging microstructure is shown in Figure li3.
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FIGURE 136
PHOTOMICROGRAPHS OF SEGREGATE IN PLATE A, SECTION 3 (RESPONSE WAS

GREATER THAN NO. 5 FLAT BOTTOM HOLE)
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FIGURE 137
PHOTOMICROGRAPHS OF- SEGREGATE IN PLA'LE A, Sl-C IHON 1 -1iL`lfl~CNSE WAS

EQUAL TO NO. 2 FLAT BOTTOM HOLE)
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FIGURE 138 (Continued)
PHOTOMICROGRAPHS OF SEGRE'GATES IN PLATE A, SECTION 18 (RESPONSE WAS

EQUAL TO A NO. 2 (FLAT BOTTOMHOE
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FIGURE 139 P7.f 4

PHOTOMICROGRAPHS OF SEGREGATE IN BAR 1-2A2B, SECTION 1 (RESPONSE
WAS LESS THAN NO. 2 FLAT BOTTOM HOLE)
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PHOTMICRGRAPS OF FIGURE 140
PHOTMICRGRAPS OFSEGREGATE IN BAR 1-2A2B, SECTION 6 (RESPONSE

WAS EQUAL TO NO. 2 FLAT BOTTOM HOLE)

337

. . . .. .. . . ....



rA

I1

I ~ ~ ~ 4.. 4

20O

FI U E 1 1Gx1-ll1

PHTMCRGAH OF* SERGT NBR192 ETO RSOS

WAS R ETE THA NO 5 FLAT OTTM HOL E

I33



50X

FIGURE 14

POOIRGAHOFSGEAEIN Bt 1-AE ETO RSOSWAS REAER TAN O. 2FLA BOTOM OLE
339~



•" 4,' ne, :, ;

"t"Kt "'"e Rv.40, re lit 4

,,4. .*,,;.

.4)-...••, "..,. /I"..> 1i, . . , 4;..,

Li4 N r' f t r .i . . . . .t . •, .,• # f I ° . ,• '., . I

F orging N o . 7

""FI GUR ' P 212

",. ,,' .•.. L., , ' • " " .. . , ¾ , \

tp_ ..I .. ...* . ... ' -. ... .., * . . ,I. 200X

FrigNo. 7

FIGURE 143 'GP"4OII" 212

TYPICAL AIRFRAME FORGING MICROSTRUCTURE

'1

340 ii

S4. .41 A441flifli~~iilJ~i'. -



Prior to sectioning Disk Forging No's 4, 6, and 7, an immersion angle
beam laboratory ultrasonic inspection was performed to precisely locate
several discontinuities detected during the production inspections. A
3/4 inch diameter long focused lithium sulfate search unit was used along
with an Immerscope RI pulser/receiver. The test frequency was 15 MHz.
A water path of 5 inches was used and the sound beam angle in the forgings
was 45 degrees. The scan index was .050 inch and the scan rate was 2.25
revolutions per minute. Calibration was performed in the same manner as
for the production ultrasonic inspeetion of the forgings described
previously. An X-Y recording was prepared for all the scans used in the
production ultrasonic inspection from an analog signal provided by the
ultrasonic equipment. The locations of the subsequent sections for metallo-
graphic purposes were based on these results.

Finally, a manual scan inspection was performed using the same equip-
ment except for a Sperry HFN pulser/receiver. An additional 12 dB of
attenuation was used for this inspection.

A comparison of the results of the original C-scan, analog-rcan, and
manual scan Disk Forgings No 6 and 7 is shown in Tables 98 and 9$ As can
be seen, there is a high degree of reproducibility among these three
methods.

The locations of the sections taken through the disk forgings are shown
in Figure 144. Each section was polished and then macroetched with a 5
percent HF-95 percent water solution for 5 to 10 minutes. Following this,
selected areas were prepared metallographically and examined at high
me.gnification. The etchant used was 10 percent HF-90 percent water for a
few seconds. Photomicrographs of the discontinuities in the disk forgings
are presented in Figures 145 and 146.

The discontinuity in Disk Forging Nc 4 appears to be a Type I alpha
stabilized defect in appearance. This defect was detected by both shear
wave and longitudinal wave ultrasonic inspection during the General
Electric production ultrasonic inspection. During that inspection, the
ultrasonic amplitude response was 25 percent of saturation in the longi-
tudinal wave inspection and 40 percent of saturation in the radial and
circumferential shear wave inspections.

The defect was examined with a Cambridge Steroscan Model Mark IIA
scanning electron microscope and an aluminum analysis was made in several
areas. The aluminum content was 3.9 percent adjacent to the void and 6.0
percent in the matrix away from the void. The alumiuiun content in an
alpha phase area was 1.5 percent. These compositional differences compare
favorably with the previous results reported in "Characterization of Alpha
Segregation Defects In Titanium 6A1-4V Alloy" by E. M. Grata in AFML
TR 68-304 for Type I alpha stabilized defects.
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TABLE98d
COMPARISON OF THREE METHODS USED IN FINDING

DEFECTS FOR EVALUATION (DISK NO. 6)
Top Circumferential Shear O.D. to I.D.

D.fdt yp Sn Angular Position* Depth Amplitude
'I ____________ (deg) (in.) W%

A C-Scan 40 0.625 NA
Analog-Scan 40 0,687 77

Manual-Scan 40 0.600 44
B C-Scar 320 0.750 NAI

Analog-Scan 320 0.687 62-75

IManual-Scan 320 0.850 30
C C-Scan 300 1.00U NA

Analog-Scan 298 0.750 68
Manual-Scan 300 0.900 20

H C-Scan 170 0.750 NA
Analog-Scan 168 0,875 60
Manual-Scan 170 0.800 30

I C-Scan 355 1.000 NA
Analog-Scan 355 NA 550
Manual-Scan 355 0.700 50

J C-Scan 255-258 0.250 NA
Analog-Scan 265-258 0.312 8
Manual-Scan 255 0.300 40-45

S C-Scan 262-266 0.250 NA
Analog-Scan 265 0.250 s0o'
Manual-Scan 265 0.300 65

En tellng point of bea mg yUle - drc Iinforontlats Mode

Note: Depth given for C-scan Is the gate cen~ter cdlpth -actual depth
can bel/e1~I6 - also, thle amplitude cauinot ho givenas a
reference, gray-sc~ale was niot mado at the titne of the scan.

N.A. Not Applicable (011 JOl
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TABLE 98 (Continued)
COMPARISON OF THREE METHODS USED IN Flr.,DING

DEFECTS FOR EVALUATION (DISK NO. 6)
Bottom Radial Shear OD to ID

Defect Type Scan Angular Pot:tion Depth Amplitude
(deg) (in.) (%)

E C-Scan 15 1.000 NA
Analog-Scan 14-16 0.937 79-90
Manual-Scan 15 1.000 70

F C-Scan 200 1.000 NA
Analog-Scan 204-206 1.000 90
Manual-Scan 200 1.000 80

G C-Scan 313-315 1.000 NA
Analog-Scan 306-308 1.062 85
Manual-Scan 315 0.950 60

G2  C-Scan 330 1.250 NA
Analog-Scan 342 0.812 75
Manual-Scan 330 1.100 60

D C-Scan 155 1.250 NA
Analog-Scan 155 0.937 85
Manual-Scan 155 0.950 50

- 1P74 011 2310
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TABLE 99
COMPARISON MANUAL AND ANALOG SCANS FOR DISK NO. 7

T Angulal, Position Distance from CD Depth
Indic, _Type __c_ (dog) (in.) (in.)

Bottom Radial Shear In
A Analog 176 0.9-1.2 1
A Manual 176 0.9 1.1B Anilog 224 0.4-0.5 1-1.1
B Munual 224 0.4-0.5 1.1
C Analog 240 0.8-0.9 0.95-1.0
C Manual 240 0.8-0.9 0.95
D Analog 192 1.35.1.45 0.85-1.0
D Manual 192 1.4 0.9
F Analog 350-355 1.45-1.6 1.02-1.1
E Manual 350.355 1.5 1.05
F Analog 250 1.9-1.95 0.3
F Manual 250 1.9 0.3
G Analog 98-100 1.25-1.25 1.15-1,17
G Manual 100 1.25-1.3 1.15
H Analog 22 0.9-1.0 1.15
H Manual 22 1.0 1.15
N Analog 84-86 2.250 0.4
N Manual 85 2.250 0.4

Top Radial Shear In
I Analog 124-126 0.25-0.3 0.7-0.75
I Manual 124 0.3 0.75
J Analog 98-102 0.85-0.95 0.8-0.9
Ji Manual 100 0.850 0.9
K Analog 278 0.45-0.5 0.7-0.75
K Manual 278 0.5 0.7-0.75
L Analog 140-144 2.1-2,2 1+
L Manual 140 2.15 1+
M Analog 92 1.3-1.35 0.95
M Manual 92 1.3 0.95
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SECTION VI

CONCLUSIONS

The following conclusions may be drawn from the results reported here:

(1) To most effectively detect a wide variety of cracK and porosity
sizes with a production penetrant inspection, severae parameters must
be carefully controlled. These parameters include the pen,+.r',4nt dwell
and bleed-out times, the emulsification time, the temperature and
pressure of the water used to vemove the excess penetrant, the type
of developer used, and the ultraviolet/white light intensity in the
inspection. Some manufacturing operations performed prior to pene-
trant inspection, such as glass bead peening and shot peening, can
reduce the effectiveness of subsequent penetrant inspection. Removal
of material by chemical etching prior to the penetrant inspectioncan improve the effectiveness of the penetrant inspection.

(2) Surface connected cracks with lengths of approximately .050 to
.10 inch can be detected with a high probability at a 95 percent
confidence level in a production penetrant inspection. Smaller
cracks can also be detected, but with a lower probability of detec-
tion. The overall capability for crack detection in a particular
production part is related to the chosen NDT plan. For example, a
penetrant inspection followed by a surface wave and -ngle beam ultra-
sonic inspection will substantially increase the p,.obability of
crack detection.

(3) The effectiveness of ultrasonic inspection of titanium ingot,
billet, and forgings can be increased by using the shear wave mode
as well as the longitudinal wave mode.

(4) Macroetching and anodic etching of the random billet sections are
ineffective techniques for establishing the existence of Type I stabilized Iareas. 

"

(5) Ultrasonic inspection of titanium ingot and billet material could
be significantly improved by implementation of such developed inspec-
tion techniques as the use of proper reference standards, proper pre-
paration of the billet surfaces, and compensation for sound transmission
differences.

(6) A significant difference in sound transmission characteristics can
exist between the part to be inspected and the reference used when
inspecting titanium bar, plate, and forgings. When these differences
are large, compensation muit be made to conduct an effective ultrasonic
inspection.

(7) Contour sound entry surfaces can significantly effect the results
of a straight beam immersion ultrasonic inspection and compensation shoulQbe made for this effect. The amount of compensation required varies as a

function of radius of ourvnture, metal travel distance and search unit.
Aluminum contour reference standards can be used for inspecting titanium
if adjustments are made for differences in sound transmission characteris-
tics. One contour reference standard can be used to inspect a contour
surface with a range of radii.
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(8) The effectiveness of immersion angle beam inspection of internal
crack3 in machined thick section titanium is highly dependent upon the
orientation of the crack wiLh respect to the sound beam. Crack detec-
tion capability is very poor with the sound beam at 45 degrees to the
crack surface.

(9) Discontinuities, which are oriented perpendicular to the sound
entry surface, are more easily detected in thin section parts than
thick section parts when using angle beam ultrasonics. Discontinuities,
which are oriented parallel to the sound entry surface, can be detected
in thin section parts using straight beam ultrasonics.

(10) A multiple in13pection NDT approach, such as a penetrant inspection
followed by both a surface wave and contact angle beam ultrasonic inspec-
tion, is highly effective in detecting surface cracks. At least 98
percent (95 percent confidence level) of all cracks with lengths .050 to
0.10 inch can be detected with such An inspection approach.

(1i) The radiographic method does not appear to be an effective method
for the detection of Type I or Type II alpha stabilized defects in
titanium bar, plate, and forgings, whereas the ultrasonic method can
be effective in detecting Type I alpha stabilized defects in titanium
ingot and billet as well as bar, plate, and forgings.

(12) Eddy current methods potentially can detect fatigue cracks with
depths of approximately .025 inch in unfilled fastener holes. Higher
frequency eddy current inspection may be capable of detecting smaller
cracks.
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Section VII

Recommendations

The following recommendations are made based on the results reported here:

(1) The processtng parameters for other penetrant systems need to be
investigated to establish the variations to -)e expected from one system to
another.

(2) The crack detection capability of other penetrant systems need
to be measured to determine the variation within one MIL-I-25135 group.

(3) The quantitative effect of various mechanical processes upon penetrant

crack detection capability needs further definition.

(4) Further work should be done in the area of ultrasonic inspection of
contour surfaces to determine at which radius the contour effect becomes negligible.

(5) The crack detection capability of surface wave ultrasonics should be
measured for subsurface cracks at various depths below the surface.

(6) Several aspects of ultrasonic inspection of titanium ingot and billet,
such as controlling search unit characteristics and using proper reference standards,
need to be implemented by the titanium producers.

(7) Several aspects of radioý,raphic inspection need to be improved. Improve-
ments in the plaque-type imaje quality indicators are necessary to achieve
reproducible radiography. Imai'e quality indicators are needed for material
thicknesses of 1/4 inch or less. A need exists for low KV, high milliamperage
X-ray equipment to improve subject contrast while maintaining reasonable exposure
time. A method is needed to measure the actual KV of an X-ray machine.

(8) The minimum detectable crack depth in titanium fastener holes with high
frequency eddy current needs to be determined.

(9) The effect of the alpha segregates, detected in this program, upon
the mechanical properties of Ti-6A1-4V needs to be established.

(1O) Military nondestructive testing specifications should be revised to include
data developed during this program such as penetrant dwell times for high sensitivity
water washable penetrants and ultrasonic inspection procedures for contour surfaces.
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